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S PREFACE

The X-29 high angle -of- attack tAOA) program military utility and agility metric tests were also
"its at research effort conducted to evaluate the X-29 Loniducted. High AOA agility metric result% "~ere
aircralt at high AOA. Grumman Aerospace dlocumented in AFFTC-TIM-9l-02, X-29) Iligh
Corpn'atieni (GAC) of' Bethrpage, New York, w is Angle-o f-At tack Agility Flight Test Results
contracted to design two X-29) aircraft. The second ' (Reference 1).
these aircraft (X-29 USAF SPT 82(X49) was modified
with at soin chute, subsystcis upgrades, and a new Testing bcgan on 23 May 1989 and endeld 21
tlight control systemn for high AOA flight test. Ovei all February 1991 at NASA AL)FRF. Edlwards AFB,
programi management was the responsibility of lte California. The airtraft t X-29 USAF S/N 9' 00)49) flew
Wright Laboratory Flight Dynamics Di':ctorate, 85 flights totaling 70.9 flight hours.
Wright-Patterson AFB, Ohio. The NASA
Ame:;-Dryden Flight Research Facility (ADFRFi was The X-29 high AQA programn was at result of a
responsible for flight test management and safety oi teamn efort involving personnel front the AFFTC,
flight. The Air Force flight Test Center (A~rc) was NASA, (;AC and Hone) wecll. T'ie author, wish to
a Participating Test Organization under Job- Oider thank Paul Pellicano and joseph K-runimenatcker of'
Numiber A83007. 1 programt was conducted in (JAC for their contribultons to the test prograniand lte
accordance with Program Management D~irective 9024 peaaino hsrpi
(8/63245F) dated 22 March 1990.

Technical data on stability, control, flight control
systemns, and flying quaiities were obtained. Linmed
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EXECUTIVE SUMMARY

This report documents tie high angle-of-attack lateral-directional maneuering. Lateral-directional

(AOA) flying qualities of the X-29 aircratt The maneuvering above 45 degrees AOA was not possible

program was conducted with the second X-29 aircraft due to insufficient rudder control pow'-r.

(LJSAF S/N 820049) between May 1989 and February
1991. Eighty-five flights totaling70.9 flight hours were Aerodynamic full nosedown recovery moments

conducted. The NASA Ames-Dryden Fight Research Vere up to 50 percent less than predicted above 50

Facility was responsible for flight test management iud degrees AOA. No hung stalls occurred, but nosedown

safety of flight. The Air Force Flight Test Center was recovery capability from above 50 degrees AOA was

a Participating Test Organization. Overall program marginal at aft centers of gravity. Aerodynanic yavw

management was the respon.,bility of the Wright asymmetries and the lack of rudder control power

Laboratory Fight D.naiucs Directorate (hrough tile above 50 degrees AOA degraded the reoveries to

X-29 Advanced Development System Progrm, Office lower AOA. Repeated retovenes from approximatel)
55 degrees AOA were made ahead of 447 inches center

The flight test objectives were to expand the of gravity; however, recoveries with centers of gravity

technical evaluations and to conduct mihtary utility aft of 446 inches were2 maiginal

and agility metric testing of the X-29 configuration

above 20 degrees AOA. The flight test objectives were The AOA envelope was cleared to 50( degrees

met. Techtical evaluations consisted of stabilit). AOA for all centers of gravity and to 55 degrees for

control, aerodynani ic analysis, and comparisons , ith centers of gravity at or ahead of 446 inches. Full-lateral

predictions. Military utility tests consisted of limited stick or full-rudder pedal inputs were cleared. The

quahlative evaluations ot two representative types of envelope was not cleated for combined lateial-stick

aui-to-air engagements utilizing high AOA. Agility and rudder-pedal inputs.

mctric tests were conducted at 200 KCAS above 15

dcgrees AOA The pilots overall qualitative assessments of the
X-29 flying qualities indiLated that it flew better in the

The X-29 exhibited good stability, control, and 25- to 45-degree AOA range than current operational

nianeu,,eiabihty up to 45 degrees AOA for the lighters. The Imiprovnents included precise AOA

Lteraf-dire'-orial axi, and to 50 degrees AOA for the tracking. loaded rolling tapability to 45 degrees AOA.

.ongitudina: axis. Airciaft control , as precise in all and gradual degiadation of aircralt control it, AOA

:t .-e xes. As AOA increatsed, tlhe aircraft stability ,uid increased. These chara.teristiLs made tie X-29 a

control degraded gradvally Slow but well coordinate(] natural aircraft to fl) up to 45 degrees AOA

,elocity-vector rolls were demonstrated using

full-lateral stick inputs with feet on the floor Full Results from the military utility maneuvers

pedal-rudder roi! .apability was also demonstrated. Ildia(led tile iced for cockpit displays at high AOA

Benefii.al (ifferences in aerodynanti cs from which would povide the attacking air.raft flight path

prediction.,, illo%,ed increasing the roll rate by, 40 to 60 relative to the target as %,ell a.s accurate target range

percent below 35 dc.tree A)A , , utetl' of tIe in flhit and closure rate. Limited military utility tesIs ith thw

variable gain capability. Predicted large amplitude increased roll-rate .apability showed promise. Ihe

wing rock above 30 degrees A)A did not nialtialthie mlitaly utility tests acoipsl.ie Il icht(aJed that tile

MIi wing rock was enouitered above 37 degrees maneuvers perfonned should provide a starting point

AOA but was co,,.idered inonseqential to for future high AOA milihary utility evaluations.
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0 INTRODUCTION

GENERAL

This report presents results of the flying qualities summer of 1990. Program budget cuts precluded
testing of the X-29 aircraft at high angle-of-attack completion of the 0.6 Mach number envelope
(AOA). The program was conducted with the second expansion in late spring of 1990 and resulted in a
X-29 aircraft (USAF Serial Number 820049) from restructuring of the program. Flight testing was halted
May 1989toFebruary 1991. The NASA Ames-Dryden for the spring and early summer of 1990 as funds for
Flight Research Facility (ADFRF) was responsible for flight testing the aircraft were unavailable.
flight test management and safety of flight. The Air
Force Flight Test Center (AFFTC) was a Participating Limited funding was identified in Fiscal Year
Test Organization (PTO). The program consisted of an 1991 for resumption of high AOA flight testing. The
intcgrated test team of AFFTC, NASA, Grumman, and program was restructured to achieve 0.75 Mach
Honeywell engineers and technicians. The program number above 10 degrees AOA and to conduct limited
required 85 flights for a total of 70.9 flight hours. The military utility and agility metric tests within the
program consisted of high AOA envelope clearance, cleared envelope The FCS modifications with
stability, control, and flying qualities evaluations, airspeed capability above 0.6 Mach number and
Limited military utility and agility metric tests were flight-test defined upgrades were designed during the
also performed. The agility metric test results are summer of 1990. High AOA flight testing resumed in
documented in AFFTC TIM-91-02, X-29A High October of 1990 with a reduced program aimed at
Angle-of-Attack Agility Flight Test Results expanding the envelope to 0.75 Mach number above
(Reference 1). 27,000 feet pressure altitude and to 300 KCAS between

17,000 and 27,000 feet pressure altitude. Twelve
BACKGROUND military utility and agility metric flights were planned

between 1 January and 15 February 1991, following
The X-29 high AOA program was managed by the envelope expansion. Program funds for further flight

Wright Laboratory X-29 Advance Devc'opment testing expired on 22 February 1991.
Program Office (ADPO). Tests were conducted under
Program Management Directive 9024(8/63245F), FLIGHT TEST OBJECTIVES
Advance Fighter Technology Integration which was
dated 22 March 1990. The high AOA program was the The restructured program flight test objectives
last part of the X-29 follow-on program designed to were:
evaluate the X-29 configuration which consisted of
eight technologies. The technologies were a forward 1. Clear a maneuvering envelope to maximum
swept wing, variable incidence close coupled canards, AOA within a 0.75 Mach number/300 KCAS envelope
high static longitudinal instability, three surface pitch between 17,000 and 40,000 feet pressure altitude;
control, full span flaperons providing variable camber
capability, thin supercritical airfoil, aeroelastic lailored 2. Obtain technical data on stability, control, and
Lomiposite wing cover, and a triplex digital flight aerodynamics and perform comparisons with
control system (FCS) with specific high AOA control predictions;
laws.

3. Obtain agility metric test data at 20,000 feet
The planed test program was to be conducted pressure altitude; and

in two phases with differing airspeed regions. The
first phase was limited to 0.6 Mach number above 4. Obtain limited military utility test data from
10 degrees AOA and would take place between perch set-up tracking and basic fighter maneuvers
May 1989 and July 1990. The second phase would (BFMs).
include an upgraded control system capable of flight
to 0.9 Mach number above 10 degrees AOA. Flight The X-29 high AOA flight test objectives were
testing for the second phase was scheduled for late met.0



AIRCRAFT DESCRIPTION envelope above 10 degrees AOA compared to the low
AOA flight cont,,' system. However, the low AOA

The X-29 was a single seat, forward swept wing control laws were limited to 20 degrees AOA.
(FSW) research aircraft with a takeoff gross weight of
approximately 18,000 pounds. The wings were thin The second X-29 (USAF S/N 820049) was also
supercritical airfoils with a forward sweep of 34 equipped with a spin recovery parachute; enlarged
degrees at the quarte" .hord and were covered with cockpit AOA; yaw rate and sideslip gauges; and
aeroelastically tailored composite skins as means of subsystems modifications designed for high AOA
controlling structural divergence. The nearly flight. Appendix A contains a detailed aircraft
coplanar, variable incidence close coupled canards description. Appendix D contains a full detailed FCS
were the primary pitch control surfaces. The canards and control law description.
provided the high level of static instability
(approximately 35 percent unstable at low AOA and FLIGHT CONTROL SYSTEM
high subsonic speed) as well as the means for DESCRIPTION
controlling the instability. Canard control power was
augmented by a two segment full span flaperon and an The X-29 high AOA FCS was designed by a
aft body strake flap. All three surfaces acted in combined AFFTC and NASA ADFRF team. The
conjunction to provide control of the highly unstable design was added to an earlier low AOA version of the
configuration. The flaperon and strake also worked aircraft control laws, the BLOCKVIII-AD software.
independently from the canard in a slow trim mode, Modifications were implemented above 15 degrees
Automatic Camber Control (ACC), to minimize AOA which helped to minimize the budget and time
induced drag at low AOA and maximize lift above 15 requirements for verification and validation (V and V)
degree. AOA during steady-state conditions, and low AOA envelope expansion. Control laws below

10 degrees AOA remained the same as the already
Lateral control was provided by full span proven software from the previous low AOA X-29

asymmetnc dellection of the flaperon. Directional flight test program. The new high AOA control laws
control was provided by a conventional rudder. wre faded in between 10 and 15 degrees AOA.

The Grumman design incorporated existing Three flight control system software releases were
aircraft hardware to reduce development costs. This flown duriiig the test program. These were BLOCKIX-
hardware included a modified F-5A nose section, F-16 AA (the original release), BLOCKIX-AA01
main gear, emergency power unit (EPU) and surface (longitudinal command changes). and BLOCKIX-
actuators, and F-14 flight sensors and Honeywell AA02 (new gains and software to allow flight above
HDP5301 flight control computers. The X-29 was 10 degrees AOA above 0.6 Mach number). Functional

powered by an F-18 General Electric (GE) descriptions of the high AOA FCS are contained in
F-404-GE-400 afterburning engine with a maximum Appendix D and References 2 and 3.
thrust rating of 16,000 pounds at sea level static
conditions. The aircraft was equipped v th three air The longitudinal axis required little modification
data probes; two fuselage-mounted side probes and a from the low AOA system originally designed by
noseloi ptolc 'hliree ii(lelen(lent vap,:s inounted on ( ;nnman. Ie high At)A (ontrol laws were a piltli
the noeboom were also used for AOA data. rate conuinid system with a weak AOA feedback to

provide positive apparent speed stability to the pilot
A tiplex fly-by-wire flight control system was above 15 degrees AOA. Gravity vector compensation

used to provide the stability, control, handling to the pitch rate command was removed above 15
qualities, and optimal surface trim configuration. The degrees AOA due to redundancy management
systemn had a primary digital mode (Normal Digital) concerns about nuisance failure indications with the
and a dissimilar analog backup mede (,Xnalog attitude and heading reference system kAlRS).
Reversion) The control laws were specifically Negative AOA and load factor limiters were added to
redesigned for the high AOA program to provide good aid in preventing tumble entries Positive AOA limiters
flying qualities, departure resistance, and spin were not used.
pievention. The design was accomplished to 0.75
Mach number above 10 degrees AOA. The X-29 with The lateral-directional control laws requiied
the high AOA control laws had a limited airspeed extensive raodifica:_on to meet flying qualities design
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requirements above 15 degrees AOA. Modifications 7. Simplification of lateral command and
included: feedback architecture, and

1. Linear lateral stick command gearing: 8. Spin preventio, logic above 40 degrees AOA
(later changed to 50 degrees) with pilot override

2. Increased gain roll damper using roll rate cnpabiiity.
feedback

The lateral command system was designed to
3. Elimination of the lateral integrator, provide velocity vector rolls with inin TJ sideslip

using simple architecture. Major modifications weic
4. Addition of washed-out stability axis yaw rate required to provide appropriate command and

to the nidder feedback path: feedback balance The low AOA control laws had a
complicated optimal control type structure where all

5. Aileron to rudder interconnect modifications in lateral-directional states were fed back to both aileron
the direct path and the addition of a washed-out parallel and rudder. Optimal control theory was not used in the
path; design of the X-29 high AOA control laws.

6. AOA and airspeed gain scheduling:
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* TEST AND EVALUATION

PREDICTED FLYING QUALITIES

Ground-based flying qtalities predictions roll damper could result in roll departures above 25
included static and dynamic wind tunnel, spin tunnel, degrees AOA. The X-29 system could not incorporate
free flight model, radio controlled drop model, and the gain lcvel required for complete wing rock
rotary balance tests. An aerodynamic mathematical suppression due to limited actuator bandwidth and rate
model was developed from these tests for use in limits. The final control law design foc the X-29 was
6-degree of freedom (DOF) simulation. The expected predicted to exhibit bounded wing rock above 30 to 35
flying qualities were generated using simulation with degrees AOA, increasing in amplitude to a maximum
high angie-of-attack (AOA) control laws, free flight, at approximately 45 degrees AOA and then damp out
and drop model tests. by 60 degrees as aerodynamic roll damping became

stable.
The X-29 forward swept wing (FSW) design was

predicted to maintain low but effective aileron control Real-time simulation using the predicted
power up to 90 degrees AOA. Rudder power was aerodynamics indicated that lateral-directional
predicted to remain high to 25 degrees AOA and then maneuvering capability existed to approximately 45
decrease to zero by approximately 45 degrees AOA. degrees AOA where rudder power was lost. High
Lateral static stability, or dihedral effect, was predicted levels of roll coordination were required to minimize
to be good above 10 degrees AIA and body axis adverse sideslip and potential roll reversals aue to high
directional stability was predicted to be positive to stable dihedral effect. The predicted high AOA roll
approximately 45 degrees AOA. The stable dihedral performance was limited by the coordinating power of
effect acted through a large inetAa ratio (Izz/lxx = 10) the rudder rather ti-an aileron control power. Wing
to provide a stable directional divergence parameter rock onset above 30 degrees AOA was predicted to
(IDDP or Cn[ldyn) to above 70 degrees AOA, degrade roll maneuvering to the point that little useful
indictwng the configuration would be resistant to rapid capability was available between 35 and 45 degrees
nose slice departures. Lateral dynamic stability, or roll AOA, although limited ability was present. Lack of
da(nping, was predicted to be unstable between 20 and rudder power was predicted to prevent
50 degrees AOA and to become stable aboe 60 lateral-directional maneuvering above 45 degrees
degrees. Wind tunnel tests indicated that the source of AOA.
the roll instability was the nose vortex system
generated by the modified F-5A forebody. Vortices Wind tunnel and drop model tests demonstrated
provided a roll moment forcing function which was the potential for zero sideslip yawing moment
interpreted as a roll damping term for mathematical asymmetries above 45 degrees AOA. Predicted rudder
modeling purposes. power was insufficient to counter yaw moments

generated by the asymmetries above 45 degrees AOA.
At low AOA and subsonic airspeed, the X-29 wts The magnitude of the asymmetries varied and could not

predicted to be statically unstable in the longitudinal be accurately predicted. The impact on trim or
aixis, with an approxinate negative static margin of 35 longitudinal maneuvering above 45 degrees AOA was
Ipert.enlt Static instabilny was predicted to decrease predicted to be dependent upon the magnitude of fle
with AOA and become stable above approximately 60 asymqetrv.
degrees. The canard was predicted to provide ample
power for controlling both the instability and inertial Longitudinal control power A ,, predicted to be
coupling, sufficient for pitch stabilization and to counter noseup

inertial coupling generated during velocity vector rolls.
Early design phase simulation, free flight, and Potential longitudinal trim to 70 degrees AOA was

drop model tests indicated the need for a high gain predicted in the absence of yaw :.,ymmetnes or
aileron-based roll damper to tully suppress a predicted lateral-directional instabilities. Positive AOA hung
divergent wing rock, which was a result of the unstable stalls were not indicated by the predicted wind tunnel
aerodynamic roll damping. Low gains or the lack of a aerodynamic data or simulation.
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The vn;c:! spin tunnel predicted two upright and that the nosedown pitch rate was oscillatory and peaked
one invetled spin mode (Reference 4): at 200 degices per second.

I Upright fast flat (AOA = 85 degrees, 3 seconds ,,ill lateral stick or full rudder pedal maneuvering
per turn); was predicted to be possible without departure of the

aicraft below 45 degrees AOA. Lateral stick aileron
Upright slow oscillatory AOA = 54 to 100 rolls were predicted to be well coordinated with

degrees. 4 seconds per turn); and sideshps less than 5 degrees. Full pedal rudder rolls
were predicted to produce up to 8 degrees sideslip

3. Inverted (AOA = -75 degrees, 4 seconds per without departures. Sideslip excursions above 30
turn). degrees AOA and 5 degrees sideslip were predicted as

a result of body axis static directional instability. The
Both upright modes were predicted to have slow excursions were not considered ,epartures since they

to nonexistent aerodynaimic recovery characteristics. were slow and easily controlled with opposite rudder.
The inverted mode recovered quickly with neutral or Rapid noseslice departure as a result of the body axis
opposite rudder. Wind tunnel tests also indicated that yaw instability was prevented by predicted strong
no sustained spin could be entered with full antispin stable dihedral effect.
aileron and ruader, suggesting the possibility of a spin
prevention system (as opposed to recovery) which was Full cross-control inputs below 45 degrees AOA
later imnorporated into the flight control system (FCS). produced little lateral-directional motion using the

simulation with predicted aerodynamics. Roll due to
Wind tunnel tests al o showed the ossible dihedral and aileron essentially cancelled. The canard

existene of a nosedown autoiotative pitch tumble countered inertial pitch coupling during full cross-
no;de as a result of the high longitudinal static controlled rolling pullouts and no departure tendencies
instability. An active strake flap was predicted to were predicted.
eventually .Jainp the mode but not necessarily prevent
rapid nosedown departures. Simulation with predicted Sustained full cross controls above 50 degrees
aerodynamics indicated that aggravated roll AOA were predicted to result in a flat spin which was
departures, which generated negative AOA front unrecoverable when fully developed. The spin
kinematic ,ouphing, could result in severe nosedown prevention logic prevented development of the spin
departures ui potential tumble entries, Simulation without full pilot cross-control input.
tumble entnes produced negative load Fictors at initial
departure entry which ranged from I to 6 g's, Ful! coordinated rudder and aileron inputs were
depending on airspeed. The simulator zeodynamic predicted to be the most likely maneuver fordepartures
model was only valid to -50 degrees .\OA and to occur below 45 degree AOA. The aileron input and
investigation of the tumble characteristics wvith the dihedral effect combined to produce large roll and yaw
sinulatio, was nmt possible. Limited radio controlled rates. Inertial coupling to ail three axes was severe and
drop model te,ut to evaluate the mode and entry recoveries were not consistent. Full nosedown stick
conditions were inconclusive due to the low number inputs phased properly with abrupt full coordinated
of fightsattempted,limited maneuver types perfornued inputs were predicted to cause kinematic coupling to
,and I,tk of (-enter of gravity Icg) variation. No tunbles negative AOA and could occasionally result in tumble
or evcre mosedowrn departures imilar to the simulator entries. Autoroll susceptibility was predicted with the
were encountered .vith the drop model; however, no simulator using predicted aerodynamics. Autorolls
attempts to kiaematmcally couple to high negative AOA would usually self recover within two full rolls. Rudder
at aft cg were performed. The tumble mode was opposite yaw rate combined with slow neutralization
investigated in the vertical wind tunnel with free to of longitudinal stick was predicted to be the most
pitch models (Reference 5). Lateral-directional effective recovery technique from any simulation
aerodynamic or coutiiing affects on the tumble mode departure or autoroll condition.
were not predicteo. The results of this study indicated
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TEST CONDUCT were designed for large amplitude and aggravated
inputs. The aggravated inputs (cross control and full

General: proverse inputs) were deleted from the ITB-3
maneuvers due to schedule constraints and were not

The flight test program was divided into two test performed. Table 2 outlines the uses of the maneuvers
phases: in postflight analysis and aerodynamic model

updating.
1. Envelope expansioi.; and

Integrated Test Block maneuvers were performed
2. Military utility and agility metric tests within in sequence at 5-degree AOA intervals. When results

the cleared envelope, warranted, the interval was reduced to 2 degrees AOA.
A limit of 10 degrees AOA expansion without

Each had different flight test philosophies, postflight analysis was imposed during the initial
requirements, and procedures. expansion. Successful completion of the ITB-I

maneuvers was required prior to performing ITB-2
Envelope expansion of AOA was conducted in a maneuvers and successful ITB-2 completion prior to

careful buildup. Angle of attack, airspeed, and ITB-3 maneuvers. A 10-degree AOA buffer was
maneuver restrictions were applied. Analysis of flight maintained between sequential ITB maneuvers. The
data prior to the next expansion point was conducted. ITB-1 maneuvers had to be successfully completed at
The analysis provided an understanding of differences 10 degrees higher AOA prior to performing an ITB-2
from predictions and possible results for the next at a given AOA. A similar AOA buffer was used
expansion point. Identification of potential stability between ITB-2 and ITB-3 maneuvers. Rules
problems and expected characteristics using a concerning AOA expans;on limits without postflight
simulator with flight updated aerodynamics was a analysis (10 degrees) were relaxed during lower
primary tool for the process. altitude expansion to AOAs already cleared at higher

altitude. Angle-of-attack intervals of 5 degrees and ITB
Military utility and agility metric maneuvers were order were adhered to.

conducted within the cleared envelope. Extensive
safety analysis between fligiits was not required unless Figure 1 presents the initial expansion and data
unexpected aircraft repomnse was encountered. analysis process. The simulator aerodynamic model
Postflight analysis bet veen flights was minimal and was updated with the most recent flight data and
consisted primarily of confirming maneuver quality, extrapolated to the next expansion point. Both
Real-time monitoring consisted of maneuver quality expected and worst case extrapolations were made and
ani limit compliance checks. Higher flight rates were evaluated on the simulator prior to flight, Limits,
po.ssible during the evaluation flights compared to expected results, real-time stability and departure
expansion flights. susceptibility indicators, and maneuver sequence were

defined by the simulation process.
Envelope Expansion Maneuvers:

The process was shortened for the low altitude
Envelope expansion maneuvers were divided into expansion below 25,000 feet pressure altitude. The

integrated test blocks (ITBs) which defined the aircraft characteristics at high AOA and an initial flight
maneuver buildup process at a given AOA and updated simulator aerodynamic model had been
airspeed. The ITBs were desigred to progress from defined from high AOA testinig at altitude. Simulaiion
relatively benign to more aggressive maneuvers, was still performed prior to flight, but postflight data
Slightly different ITBs were defined for 1-g flight and analysis and simulator updating were not required
accelcrated maneuvers, unless unexpected adverse results occurred. The ITBs

were modified in accordance with Table 1.
'rable I lists the various ITBs used during Modifications were based on lessons learned during

..... ,, . ..c. . ,--, mancuvcrs were OiN, hgliC ,9aud. expansion. The availabiity of a
designed to provide limited aerodynamic and flight updated simulation which more closely
controllability information when at a test point for the represented the aircraft and a knowledge of
first time. The ITB-2 maneuvers expanded the aerodynamic characteristics ,allowed the abbrevi-" ,4
maneuvering to greater limits 'hbe ITB-3 maneuvers expansion maneuvers and process.
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Table I
INTEGRATED TEST BLOCKS

(ITBs)

ONE-G MANEUVERING

ITB- I ITB-2 IT-3

Stabilized Points 0/90/0 Aileron Roll 360' Aileron Roll
Push-Over 0/60/0 Rudder Roll (Full Input) 1

Fast/Slow Pitch Doublet Wings-Level Sideslip
Fast Lateral Pulse (100 3)
Fast Rudder Pulse
Yaw/Roll Doublet

0/60/0 Aileron Roll

0/30/0 Rudder Roll
(1/2 Input)

Wings-Level Sideslip
(50)

WINDUP TURNS

ITB-1 ITB-2 ITB-3

Stabilized Points Stabilized Points 3600 Aileron Roll S
Fast/Slow Pitch Doublet 0/60/0 Aileron Roll (Full Input)1

Fast Lateral Pulse 0/30/0 Rudder Roll

Fast Rudder Pulse (Full Input)
0/60/0 Aileron Roll
0/30/0 Rudder Roll

(1/2 Input)

Notes: I. Fcr expansion below 25,000 feet, doublets and sideslips were eliminated from ITB-ls.
2. For expansion below 25,000 feet, ITB-3s were eliminated.
3 No abrupt entry coupled maneuvers were perfonned.

Proverse and cross control inputs were not accomplished.
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* Table 2
MANEUVER USE

Post Flight

Maneuver Analyses Tools Answers

ITB-1

Stabilized Point (5 sec)
Push-Over/Pull-Up Total Coefficient* De -n,- crate nose-down recovery capability

Stabilized Point (60 sec) Real time check of longitudinal trim surfaces
Total Coefficient Post flight calculation of ACm, Cno, Clo
INS Real time check of wing rock amplitude and freq.
Batch Sim Provide time history to match wing rock

Real time check of control surfaces limit cycles

Pitch Doublets MMLE Cmra. Crude
(slow/fast) Total Coefficient

Yaw/Roll Doublets MMLE C1v Clp, Cn[3. Cndr. Clda
Total Coefficient

Lateral Raps (sm&lg) MMLE Cndr, Cldr, Clda, Cnda
Rudder Raps Total Coefficient

Slow, Wings-Level Real time check of stability/linearity of
Sideslips (±5 deg P3) Cl & Cn vs (3

Total Coefficient Cross comparison & linearity determination of
Batch Sim Clda, CIP. Cldr, Cndr, Cnp. Cnda

Aileron Roll (0/60/0) Total Coefficient Check/determination of derivatives
Rudder Roll (0/30/0) Batch Sim
(1/2 Amplitude. L&R)

ITB-2

Slow. Wings-Level Total Coefficient Provides same data as small sideslip but over
Sideslips (±10 deg II) Batch Sim larger 3 range

Aileron Roll (0/90/0) Total Coefficient Final check/determination of derivatives
Rudder Roll (0/60/0) Batch Sim
360 deg Rolls
(Full Amplitude)

For an explanation of the Total Coefficient Matching Method see Appendices C and E.
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Military Utility Piloted Evaluation The model was updated beyond the limits of the flight
Maneuvers: data by following predicted trends. Changes were

implemented in a manner which preserved the
Tracking From A Perch Setup. predicted nonlinear characteristics by applying

increments to the predicted model. The predicted
Tracking maneuvers were entered from a perch model tables and functions were not modified.

setup with the attacking aircraft approximately 2,000
feet aft and 500 feet laterally offset from the target. The The flight updated aerodynamic model was
target aircraft initiated a constant airspeed descending generated using a variety of methods for extracting the
turn between 25 and 40 degrees AOA. The attacking aerodynamics. Determination of the control power
aircraft acquired and tracked the target through various derivatives from varying magnitude surface pulses was
maneuvers. The maneuvers included roll reversals the first step. Surface pulses of sufficiently high
called by the attacker, random roll reversals initiated frequency to provide state accelerations but small
by the target, straight ahead pull-ups to maximum changes in the actual states were the best maneuvers
AOA, and roll to wings level followed by a pull to for control power estimation. Varying the magnitude
maximum AOA. The attacking aircraft would attempt of the pulses allowed estimation of nonlinear
to track the target during the maneuvers, characteristics. Linear parameter estimation of the

stability derivatives about a trim condition using
Both the X-29 and F-18 served as target and attack classical ,urface doublet inputs followed the

aircraft to acquire qualitative comparative pilot determination of the control derivatives. The Lombined
comments. Pilot ratings were not attempted since stability and control derivatives about the trim
desired and adequate performance levels were not condition were used as the first indicator of the overall
established. The X-29 did not have a head-up display trend forthe nonlinear variationof the model. Aninital
(HUD) or a gunsight installed. This limited the ability model update was derived using the linear parameter
to assess the tracking performance. estimation data as the variation from predictions. Batch

simulation overplot comparisons with flight dynamics
Neutral Basic Fighter using larger amplitude maneuvers than the doublets or
Maneuverin pulses were then used to further refine the flight

updated model. Valid linear parameter estimation data
The neutral basic fighter manieuver (BFM) setup about trim conditions were obtained in 5-degree AOA

was initiated with the X-29 and the opponent F-I8 intervals up to 45 degrees AOA; however, the quality
laterally separated by 1,000 feet and flying on opposite degraded above 35 degrees AOA. Two repeats of the
headings at approximately 250 KCAS. When the pulses and doublets were obtained at each expansion
aircraft passed, both aircraft initiated a one-circle fight AOA. Wings level sideslips, aileron and rudder rolls
using a 25- to 40-degree AOA turn. Both aircraft were available for batch simulation comparisons in
attempted to maneuver to a slow speed Ming advantage 5-degree AOA intervals up to 45 degrees AOA. These
or until maneuver termination. maneuvers were performed for one-half and full pilot

control inputs. The flight model was consid- -d valid
AERODYNAMIC DATA when a majority of the larger amphtude batch
(C:OMPARISONS simulation overplots and real-time simulation

dynamics consistently matched flight results within
General: engineering judgment limits.

This section compares the predicted and flight Parameter comparisons presented in this section
updated simulation aerodynamic mathematical model (and Appendix B) are between the predicted
(Reference 6). The predicted model was continually mathematical aerodynamic model and the flight
updated -s a part of the envelope expansion program. updated version. Parameter comparisons are for a l-g
Updates were further refined during subsequent testing trim condition presented in Figure 2, between 38,000
and analysis. Methods for updating a nonlinear and 25,000 feet pressure altitude. The updated model
aerodynamic model with linear and piece-wise linear covers the full flight test envelope. Data presented are
flight data were developed. A description of the update representative of variations between predicted and
methods, parameters, application equations, model flight updated aerodynamics.
validation, and limitations is contained in Appendix C
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Longitudinal Stability and Control predictions at comparable canard trim conditions. The
Parameters: nonlinearity also presented problems with updating

control power and static instability separately. Changes
Figure 3 presents comparisons of linearized in canard power would also modify static instability

longitudinal static instability (Cm(x) and long:udinal since the update model used both canaid and AOA as
control power (Cm c) between the predicted and flight independent variables. The resulting flight updated
updated models. Figure B 1 presents a similar model had a higher linearized static instability below
comparison with the flight parameter estimation data. 25 degrees AOA than was indicated by the parameter
Parameter estimation data were generated using the estimation data of Figure B 1. The nonlinear variation
well known Modified Maximum Likelihood of static instability with canard position was also
methodology of Reference 7. Longitudinal parameter affected (Figure 3) and may not be representative of
estimationdata were usually derived at trim conditions actual values when far off the canard trim positions.
which were different from those of Figure 2 due to the The flight update increment tables did not contain
unique longitudinal trim characteristics of the X-29. sufficient canard break points (see Appendix C) to
See the Longitudinal Stability and Control section and model the characteristics at all conditions.
Figure 12 of this report for a description of the X-29
trim characteristics. Figure 4 presents a time history comparison of

flight computed, predicted, and flight updated model
Longitudinal static instability was predicted to total pitching moment coefficient. Flight data were

decrease with AOA and to become stable between 55 computed and corrected for thrust and inlet affects as
and 65 degrees AOA, varying with canard position. described in Appendix E. Model data were generated
Both 'ungitudinal static instability and control power by driving both the predicted and flight updated
were higher than predicted to 40 degrees AOA. The aerodynamic models with flight measured inputs. The
trends with AOA were well predicted. Static instability aircraft exhibited more noseup pitching moment at a
reduced with AOA and canard power remained given AOA and surface position than was predicted.
relatively constant. Parameterestimationdata above 45 Comparison of flight computed and predicted model
degrees AOA were not obtained. Estimation of control total aerodyna.nic pitching moment across the
power was limited to the canard since adequate envelope shows the trend.
separate surface inputs were not available. As a
consequence, differences in longitudinal control power Full Nosedown Pitchijg Moment:
were attributed to the canard. Estimated parameters
were derived from standard longitudinal pulses and Figure 5 presents a comparison of available full
doublets. nosedown aerodynamic pitching moment coefficient

between the predicted and flight updated aerodynamic
Predicted longitudinal static instability and canard models. Flight data for the cases where full nosedown

power were nonlinear with canard deflection. The pitch control surface deflection was encountered are
model updating techniques held the predicted also presented. Figure B2 presents an expanded
nonlinear trend intact such that the updated model comparison of full nosedown pitching moment
would also reflect the nonlinear characteristics. Figure coefficient between the predicted and flight updated
3 also presents an example of the nonlinearity for both aerodynamic models.
the predicted and updated models at 35 degiees AOA.
In general, canard power and static instability The aircraft had no hung stall up to 67 degrees
increased with trailing edge up (TEU) deflection. The AOA (limit of flight data), although the noseup
nonlinearties in control power and static instability difference between the flight data and predictions
with canard position made comparison of longitudinal increased with AOA. Full nosedown aerodynamic
paranm'ter data difficult.'he X-29 trimmed differently pitching moment was significantly reduced from
depending on multiple variables discussed in the predictions. The minimum nosedown aerodynamic
Longitudinal Stability and Control section. The canard pitching moment (Cm*) was approximately one-half

'itinn Gir uhier pnrI ntoh.r tin 'et;- , e m or,,,, ,-c,oA tween 5 a 67 - .... A - I-

obtained was often more TEU than that shown in low Reynolds Number(RN of0.6x 106 per foot) wind
Figure 2. The nonlinear character of the predicted data tunnel data more accurately reflected the flight value
with canard position required an incremental update for Cm* than did the high Reynolds Number (RN
method using the differences betwLen flight and above l.4x l06 per foot)data. The reasons forthe large
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difference were not determined but were attributed to The lift and drag coefficients were derived using
achangeinbasicpitchingmoment(Cmo)or Cm~xwith a simplified thrust model which was estimated to be
AOA. Flight data indicated a slight stable slope similar accurate within 15 percent. The GE-F-404-400 engine
to predictions between 60 and 67 degrees AOA. Data installed in the X-29 was not instrumented for accurate
beyond 67 degrees AOA were not obtained. in-flight thrust computations.The engine thrust model
Differences between the flight and predicted pitching also contained the predicted ram drag characteristics as
moment above 67 degrees AOA were held constant for a function of flight condition and power setting.
the model updating process. Care should be exercised Angle-of-attack effects on engine power and ram drag
when extrapolating the model results above the AOA were not measured in flight nor predicted.
for accurate flight data. The shape and magnitude of
the pitching moment curve above stall AOA has Lateral-Directional Stability and
significant influence on spin, departure, and hung stall Control Parameters:
susceptibility.

Figure 7 presents a comparison between the
Significant data sc itter in full nosedown predicted and flight updated aerodynamic model for

aerodynamicpitching.moment wasevident between 39 linearized lateral-directional static stability
and 50 degrees AOA. Maneuvers with full nosedown parameters. Figures B3 through B II present the total
commands generally resulted during yaw excursion nonlinear variation of yaw and rolling moment
recoveries from above 45 degrees AOA. Yaw coefficients with sideslip. All comparisons are for the
excursions are discussed in detail in the l-gtrim conditionofFigure 2. Flight values ofsideslip
Lateral-Directional Stability and Control wction of from which aerodynamic model updates were
this report. Significant sideslip, aerodynamic determined ranged from approximatelv 15 degreeq nt
hysteresis, or nose vortex effects may have beer 10 degrees AOA to 5 degrees at 45 degrees AOA. Data
present. Definition of the potential factors impacting above 45 degrees AOA were generated without benefit
the data in this region was not accomplished, of linear parametel estimation and the flight model

updates relied upon batch simulation overplotting of
Lift and Drag Characteristcs: flight and simulated dynamics.

Figure 6 presents a comparison of flight The directional divergence parameter (DDP or
computed, predicted, and flight updated aerodynamic Cn[3dyn) was lower than predicted but still stable
mclel lift and drag coefficients. Flight data were below 35 degrees AOA and higher than predicted
computed using a simplified thrust model and ram drag between 35 and 45 degrees AOA. Stable Cnpdyn is an
model (see Appendix E). The predicted and flight indicator of nose-slice departure resistance and
updated model data were generated by driving the two computed with a combination of body axis static
models with the appropriate flight measured data. directional stability (Cnp3) and dihedral effect (CIO).

The reduction in Cnf3dyn below 35 degrees AOA was
An increase in lift coefficient at a given AOA over due to a combination of lower body axis directional

predictions was evident during I g maneuvers, stability and dihedral effect. The lower dihedral effect
Difterentes, were less pronounced for airspeeds above piovided the largest coritibutoo due to a large inertia
approximately 150 KCAS at similar AOA. The lift ratio. The increase in Cn3dyn above 35 degrees AOA
coefficient trends with AOA and the AOA for was due to both an increase in body axis static
maximumn lift were close to predictions. Flight directional stability and stable dihedral effect.
computed drag coefficients were close to predictions
at all airspeeds. Lift, and to a lesser extent drag, at high Both dihedral effect and body axis static stability
AOA were strong functions of canard, symmetric were nonlinear with sideslip. Figures B4 through B8
tlaperon, and strake positions. The canard was show that the reduction in linearized dihedral occurs
predicted to be a large contributoi to total aircraft lift about sideslip angles less than 5 degrees. The slope of
due to its large surface arca which was 20 percent of rolling moment with sideslip was close to predicted
the wing area. The update to the aerodynamic model above approximately 5 degrees sideslip. The total
oniy atccouns fr difeeti ., ,.', a fumiitiii .'A id val' u l~u If f . . ..il1 t w on t was s uil.. l th, . . 1 C,CA

airspeed
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Figure 6 Lift and Drag Comparison (Concluded)0
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at a given sideslip due to slope differences about zero presence of asymmetries as a consequence of the nose
sidesiip, vortex system was predicted above 45 degrees AOA.

The vortical and separated flow typically resulted in
Figure 8 presents a comparison of linearized inaccurate predictions for magnitude and direction,

aileron and rudder power (Cia and Cn8r, although the potential presence of asymmetries was
respectively). Figures B3 through Bit present total predicted. Nose-right asymmetries were encountered
nonlinear yaw and rolling moment comparisons between approx 'iately 40 and 48 degrees AOA. By
between the predicted and flight updated aerodynamic 50 degrees AOA the asymmetry had reversed,
mno1del as functions of surface deflection and AOA. All becoming nose-left. The yaw asymmetry indicated in
comparisons are for the l-g automatic camber control Figure 10 for the flight updated aerodynamic model
(ACC) trim condition of Figure 2. Aileron and rudder represents an average of the characteristics which
power were derived from lateral stick and rudder pedal produced the most consistent comparisons between
pulses ranging from one-half to full input. Rudder and flight and batch simulation dynamics. The a';ymmetry
aileron data were gathered across the deflection range magnitudes, onset, and reversal AOA were not always
(30 and 17.5 degrees, respectively) up to 45 degrees repeatable; however, the trend of nose-right between
AOA. Linear parameter estimation data were not 40 and 48 degrees AOA and nose-left above 50 degrees
available above 45 degrees AOA. The flight updates AOA was consistent.
abcve 45 degrees AOA relied upon batch simulation
overplot comparisons between flight and simulated Summary:
dynamics.

A nonlinear flight test based update of the X-29
Aileron power was lower than predicted between high AOA simulation aerodynamic model was

10 and 40 degrees AOA for deflections less than 5 accomplished. The update was successful in providing
degrees Aileron power was nonlinear with deflection, characteristics closer to the actual aircraft than the
gaining power at higher deflections. Fhght values for predicte'd model. Differences between flight and the
aileron power followed the predicted trends with updated aerodynamic model exist. The difference was
deflection but also exhibited a higher degree of greatest in the pitch axis above 45 degrees AOA. The
nonlinearity, model shows greater nosedown recovery moment than

was encountered in flight. Uncertainty in the flight
Rudder power was higher than predicted between pitching moment data between 40 and 50 degrees AOA

IOand35degreesAOA.Rudderpowerwasalsohigher may be attributable to sideslip affects, aerodynamic
than predicted for deflections above 15 degrees (see hysteresis, rate affects, and vortex asymmetry
Figures B8 through B II) between 35 and 50 degrees uncertainties.
AOA.

Significant differences between predicted and
Both aileron and rudder power trends with AOA actual aircraft aerodynamics were present. The

were similar to predictions. Aileron power about zero ground-based predictive methods adequately
deflection remained low but constant above 30 degrees determined the stability and control trends with AOA,
AOA and rudder power was negligible above 45 out the accuracy of individual aerodynamic parameter
degrees AOA. predictions was low. High AOA aerodynamic

prediction had a higher degree of uncertainty compared
Figure 9 presents a comparison between the flight to low AOA prediction capability.

updated and predicted roll damping (CIp) as a function
ol AOA and sideslip. The predicted values were The largest difference from prediction was a large
unstable between 20 and 50 degrees AOA with a strong reduction in full nosedown aerodynamic control power
stabli,ing influence due to sideslip. Flight data at zero above 45 degrees AOA. The minimum value of full
sidcslip was more unstable than predicted between 20 nosedown control power (Cin*) between 50 and 70
and 35 degrees AOA and less unstable above 35 degrees AOA was 50 percent of prediction. The low
, ~I ....... , ;, .. f : .- , .c I( S.., '11I.uI I,-,tu..-,.J Acynvo,-, number Wind Waie Id "ft dt.tutatety

larger than predicted. reflected the correct value for Cm* than did the high
Reynolds number predicted data.

Figure 10 presents the average zero sideslip yaw
asymmetry (Cno) encountered in flight. The potentil
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The predicted aileron control power command and stabilization had priority over ACC
characteristics for the FSW were confirmed to 45 commands and provided the initial surface trim based
degrees AOA. Differences from predictions existed, on balancing commanded and actual pitch rate. The
but the general character and trends were as initial trim prior to full ACC canard schedule
anticipated implementation was dependent on the rate at which

AOA and airspeed were attained. Slow entry rates
The predicted high canard control power below 45 provided initial trim closer to the ACC schedule than

degices AOA was confirmed. Flight values of control did rapid entries. Flight test efficiency during highsink
power were higher than predicted around trim rate conditions often required entering maneuvers prior
positions. Full nosedown recowry moments at -57 to achieving full ACC trim.
degrees trading edge up (TEU) canard were less than
predictions; however, this may have been the result of Figure I I presents a comparison of flight, flight
changes m static instability (Cm(x) or basic pitching updated simulation and predicted simulation ACC trim
moment (Cmo) rather than changes in surface control surface positions during a slow 1-g deceleration to 45
power. degrees AOA. Figures B12 and B 13 present similar

data for other cg conditions. Flight and simulation trim
The lift coefficient trends and maximum lift AOA data were obtained during descending (38,000 to

predicted for the configuration were confirmed. Lift 25,000 feet pressure altitude) slow decelerations in
coefficients and slope with AOA were higher than military power.
predicted during slow speed (1-g) mareuvering near
the ACC trim conditions and the maximum lift The canard was maintained on the ACC schedule
coefficient was greater than 2.0. Lift was close to by trimming of the strake since the flaperon was
predicted during higher speed (above 150 KCAS) saturated by 10 degrees AOA. Strake trim was more
dynamicmaneuvenng.Thedragwasclosetopredicted TED compared to simulation predictions due to the
at all conditions tested overall noseup aerodynamic pitching moment

differences from predictions discussed in the
LONGITUDINAL STABILITY AND Aerodynamic Data Comparison section of this report
CONTROL (Figures 4 and 5).

Trim: Figure 12 presents a comparison of the flight ACC
trim canard from Figure 2 and the initial canard trim

The X-29 exhibited unique longitudinal trim positions encountered during longitudinal pulses and
characteristics as a consequence of three-surface pitch doublets. The initial canard trim positions are for a
control, FCS control law interactions, and nonlinear large range of cg. The initial canard trim (prior to full
longitudinal stability and control parameters. The ACC scheduling) averaged 5 degrees more TEU than
three-surface pitch control provided a theoretical did the ACC trim conditions. The value of canard trim
infinite number of trim conditions at a given AOA and impacted the parameter estimation results for static
airspeed. The actual trim was dependent on the control instability and canard power as discussed in the
law architecture and aerodynamic nonlinearities Aerodynamic Data Comparison sectiot. of this report.

The ACC canard trim mode of the longitudinal Longitudinal Maneuvering:
control laws took advantage of the multiple surfaces to
position the canard for maximum total aircraft lift, General.
while maintaining sufficient control power for
stabilization. The canard was slowly forced to a The X-29 high AOA longitudinal control lags
predetermined trim position by integration of an error used a pitch rate command and stabihzation system. A
signal to the symmetric flaperon until flaperon position low frequency, weak AOA feedback was implemented
,aturation (21.5 degrees trailing edge down [TED] to provide positive apparent speed stability to the pilot
,d,,e 15 dccgice, AOA). Canard positioning through increased aft stick force with AC:A. i te AOA
commands were then transferred to the strake. The feedback provided little short period ,iabdization. The
ACC worked through a slow outer-loop control law pure pitch rate command system required varying
and only achieved full scheduled canard trim during degrees ofaftstick force to maintain nonnal load factor

0 sustained steady-state conditions. Longitudinal depending on aircraft attitude as well as airspeed.
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Active pilot control of AOA was required during Pitch Rate and AOA Control.
lateral-directional maneuvering since automatic
compensation for kinematic couphng or gravity vector Figure B14 presents a time history of a pitch
orientation was not provided. The system was simple attitude capture performed during agility metric studies
and relatively unmodified from the low AOA control (Reference 1). The maneuver called for capturing a
laws pitch attitude within an error band of ±2 degrees. Pitch

attitude was easily captured and maintained within the

Pitch Rate Capability. specified limits. Figure 15 presents the times to capture
and pitch through various pitch attitudes (luring

Figure 13 presents maximum pitch rates attained maximum command inputs at 200 KCAS at
during 1ull aft stick pitch attitude captures entered front approximately 20,000 feet pressure altitude. The time
170 to 210 KCAS at 20,000 feet pressure altitude. The to pitch-through was close to the time to capture an
ma initmm rates were -omparable to other current equal pitch attitude, demonstrating good control of
fighe, type aircraft. High AOA basic fighter both pitch attitudeandrate. Good pitch attitude and rate
maneuvers (BFMs) performed against an F-18 target control below 45 degrees AOA was accomplished
aircr.ft indicated that although maximum pitch rate using a simple pitch rate command control law
capability w;,a similar to current aircraft, increased architecture.
pitch ate would be desirab!e at high AOA for
nose-pointing purposc ;. The extent to which the X-29 The pitch rate command system required pilot
pitc.h rate command could be increased was a function compensation to maintain AOA as aircraft attitude and
of the longitudinal iistabdity and canard actuator rate corresponding gravity vector orientation changed.
,,apability. The high static instability required rapid Kinematic coupling of AOA and sideslip during
positioning ol available control power to maintain lateral-directional maneuvering could change AOA
adequate stability. Although high aerodynamic control without significant pitch rate changes. High pitch
power existed, mximmum pit-h rate ability (from a attitude maneuvers at low airspeed could result in AOA
stability maintenance point of view) was dictated by changes without large rate or attitude variations. Pilots
the canard rate limit, were aided in AOA control during expansion

maneuvers with an AOA error indication on the
Figure 14 summarizes the results of a limited attitude direction indicator (ADI) director bars. The

smmulation effort to study the feasibiity of longitudinal ADI error indicator was used in fine control of AOA
command gain increases below 200 KCAS. The study during critical data gathering and envelope expansion

as nort exhaustive and only considered effects on maneuvers. Overall AOA control with or without the
stability Handling characteristics or other pilot-in-the ADI errorindicator was considered good (o 45 degrees
loop sensitivity studies were not accomplished. The AOA. Angle-of-attack control was considered better
data were gathered from abrupt aft stick inputs from than the simulation with either the predicted or iiutal
wings level at 150and 200 KCAS, 20,000 feetpressure flight updated aerodynamic models. The final
altitude with an aft cg of 450 inches. Inputs were simulation aerodynamic update model reflected some
neutralized at 40 degrees AOA. Maimum pitch rate, increase in AOA control compared to previous
TEl I canard rates to stop pitchup,TEU canard position versions.
satiijatiol mtine, and A0)A overshoots beyond 40
degrees were measured The study was perfonned with Pitch Inertial Coupling.
the flight updated aerodynamic model. The results
indicated a 30-percent increase in pitch rate command The X-29 FCS was designed to roll about the
c-apability may have been feasible at 200 KCAS and velocity vector at high AOA. Velocity vector rolls
below. Canard rate limits, excessive AOA overshoots, required combined roU and yaw rates in the same
or prolonged canard position saturation after direction which imparted a noseup inertial coupling
longitudinal stick neutrahization were not present with moment. Figure B 15 presents a time history of typical
the %.imiulation for a 30-percent command gain X-29 lot itudhnal inertial coupling characteristics
InLicase. duri.? a I -g velocity vector roll at 30 degrees AUA.
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Inertial coupling was controlled with small canard recovery was marginal above 50 degrees AOA an(aft
inputs. Canard unload TEU movetaent) produced the of 446 inches cg in the presence of noseup inertial
required nosedown aerodynamic control of velocity coupling. The full nosedown flight value of pitching
vector roll induced inertial coupling. Unloading the moment coefficient at 50 degrees AOA is also
canard allowed for maintaining high control power by indicated in Figure 17. The value of the pitching

avoiding local surface stall. moment coefficient at 50 degrees AOA was more

nosedown than die value of Cm* taken at 65 degrees
Directional asymmetries above 45 degrees AOA AOA. The data indicate that the proposed criteria was

produced yaw rates (see Lateral-Directional Stability not conservative for the X-29 in the presence of noseup

and Control section) which were not controllable with inertial coupling.
available ndder power. Lon&,tudinal inertial coupling
was generated by uncontrolled rates above 50 degrees Figure 18 presents the required nosedown
AOA and was usually noseup. The impact of the aerodynamic pitching moment coefficient to control
inertial couplng on recovery from above 50 degrees noseup inertial coupling moments. The unique roll and
AOA was cg sensitive. Figure 16 presents a yaw rate combination for stability axis or velocity
comparison between a forward cg (445 inches) pitchup vector rolls produced noseup inertial moments. The
maneuver to 67 degrees AOA and a similar maneuver nosedown aerodynamic moment (-Cmic) required to
to 55 degrees AOA at a farther aft cg (447 inches). control the inertial coupling due to velocity vector rolls
Figures B 16 and B 17 present full time histories of the is presented in the first part of the figure as a function
two maneuvers. Both maneuvels encountered full of stability axis roll rate, AOA, and airspeed. The
nosedown aerodynamic surface positions during inertial coupling control requirements are also
recovery to below 40 degrees AOA. Inertial coupling compared to the 4. Jiable aircraft nosedown moments
with the forward cg case was controllel with the asafunction ofAOAand cg. The secondpart of Figure
available nosedown aerodynamic pitching moment. 18 presents similar data for the general inertial
The maneuver at the farther aft cg location encountered coupling case where yaw and roll rate products (PR) of
a minor AOA hangup during recovery. Inertial the same sign were used to compute tie required
coupling induced noseup pitching moments were nosedown aerodynamic control (-Cmic) for noseup

sufficient to momentarily overcome full nosedown inertial coupling. The majority of the maneuvers with
aerodynamic capability. Phasing of the inertial the X-29 encountered noseup inertial coupling.
coupling component between the two maneuvers
varied, although both encountered maximum inertial The first pail of Figure 18 shows that the available
coupling moments between 40 and 45 degrees AOA. aerodynamic nosedown pitching moment for control

of noseup inertial coupling between 30 and 45 degrees
The susceptibility to pitch inertial coupling was AOA exceeds the available stability axis roll rate

due to the low aerodynamic nosedo',n recovery capability of the aircraft. The maximum stability axis
moment above 45 degrees AOA. Low full nosedown roll rate reduced from 40 degrees per second at 30
aerodynamic moments degraded recovery degrees AOA to approximately 10 degrees per second
characteristics in the presence of noseup inertial between 40 and 45 degrees AOA (see Figures 20
coupling. Consistent recoveries from above 55 degrees through 23 of the Lateral-Directional Stability and
AOA were not demonstrated as only one maneuver was Control section of tis report). No velocity vector rolls

performed. Recovery from the single maneuver was above 45 degrees AOA were possible due to lack of
excellent, however, different phasing of inertial rudder power. Even with yaw control, however, little
coupling could have resulted in a less satisfactory capability would have existed due to low nesedown
recovery. Multiple recoveries from maneuvers aerodynamic recovery moments. Stability axis roll
between 50 and 55 degrees AOA were demonstrated rates beyond 20 degrees per second across the cg range
for cg locations ahead of 44 "7 int hes; however, would not have been possible above 50 degrees AOA
maneuvers all of 446 inches cg deiaonstrated marginal due to the low nosedown pitching moment capability.
recovery ability.

' *.-CVI. ond, t '! of Figure 1 to, stho,;, ing ilc gcleim'

F-gure 17 presents a omparison of the X-29 flight inertial coupling characteristics indicates that a
value of Cm* at 65 degrees AOA and the proposed combined roll and yaw rate product above 800
minimum Cm* criteria of Reference 8. The X-29 flight degrees 2 per second2 (28.3 degrees per second2 ) at 60
v,due of Cm* occurred at 65 degrees AOA. Pitch degrees AOA would exceed available nosedown
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Figure 16 Inertial Coupling During Recovery From Above 50 Degrees AOA
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Steady Sideslip and Static Stability: degrees and decreased with AOA above 30 degrees.
Sideslips of 15 degrees or greater were possible with

Figure 19 presents a comparison between flight, pure rudder pedal commands such as those during a
original, and updated simulation of full pedal, 1-g rudder roll.
wings-level sideslips. Aileron and rudder ratios with
sideslip were taken at 2 degrees positive (left pedal) Lateral-Directional Maneuvering:
sideslip. Figures B 18 ihrough B24 present a full
comparison between flight, predicted, and the updated General.
simulation of rudder and aileron deflection during
sideslips. Flight control system modifications were made

during the course of the program which affected the
Rudder per sideslip was less than predicted below roll capability of the aircraft. The FCC' software

40 degrees AOA due to the increase in rudder power releases were tested at differing altitudes and airspeeds
and reduced body axis static stability and dihed-ral which also affected roll performance. The initial FCS
effect. Rudder with sideslip was stable with small software releases (BLOCKIX-AA and BLOCKIX-
sideslips below 40 degrees AOA. Static instability AA01) were tested above 25,000 feet pressure altitude.
above 4 degrees positive sideslip (left pedal) was The second release (BLOCKIX-AAOI) contained a
indicated between 30 and 35 degrees AOA. The pitch command gain increase and affected the roll
instability was due to destabilization of body axis performance by obtaining a given AOA at higher
yawing moment (see Figure B7). Opposite rudder airspeed. The third release (BLOCKIX-AA02)
countered the momentary sideslip excursion. contained roll rate feedback gain reductions and
Departures in regions with low body axis stability were variable command gain capability (lateral and ARI
prevented by high stable dihedral effect and rudder The BLOCKIX-AA02 release was tested above 17.000
control power. feet pressure altitude to 300 KCAS and 0.75 Mach

number. Envelop expansion of the BLOCKIX-AA02
Aileron per sideslip was less than predicted below release performed full stick bank-to-bank rolls and

40 degrees AOA and close to predicted at 40 degrees. reversals. The BLOCKIX-AA and BLOCKIX-AAO I
The differences from prediction were due to reduced releases tested full stick 360-degree and bank-to-bank
stable dihedral effect and increased aileron power for rolls.
dellections above approximately 5 degrees aileron.
Dihedral effect at 10 degrees AOA was neutral to The X-29 control laws were designed to provide
slightly unstable (see Figure B3). velocity vector rolls with lateral stick commands only.

The control law architecture was simple but
Stable aileron deflection with sideslip increased appropriately gain scheduled with AOA and airspeed.

'wjth AOA as dihedral effect became more stable. Rudder rolls were possible with pure pedal inputs as a
result of stable dihedral effect. Velocity vector rolls

Maximum sideslip during wings-level sideslips were required to prevent large adverse sideslip which
was higher than predicted due to an increase in rudder could cause roll hesitation or reversal through strong
power and a decrease in stable dihedral effect and body stable dihedral effect. Roll coordination was supplied
axis staliL stability. Maximum sideslip was limited by for aileron rolls through a high gain ARI and
lateral command authority above 25 degrees AOA, washed-out stability axis yaw rate feedback to the
since strong dihedral effect resulted in high aileron rudder.
requirements

Initial FCS Releases (BLOCKIX-
Maximum sideslip during wings-level or steady- AA and BLOCKIX-AAOI).

heading sideslips should not be confused with overall
maxinium sideslip. The high stable diiedra' effect Figure 20 presents steady-state stability axis ioll

I It, .uuv. A tM IdIUcN I. ) + K.iri(X) for the BLOCKIX-AAUI

to maintain steady conditions. The control laws had a software releases. The BLOCKIX-AA data were only
large aileron to rudder interconnect (ARI) gain which obtained to 160 KCAS and are not presented. Data for
detracted from the rudder pedal command during Figure 20 are fairings from Figures B25 through B27
steady sideslips. Maximum sideslip at or below 25 for full stick 360-degree rolls. Coordination data are
degrees AOA during steady sideslips was less than 10 also presented in Figures B25 through B27. Figures
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B41 and B42 present representative time histories of sideslip and AOA. Pilot compensation to maintain
aileron roil nianeuvers with the BLOCKIX-AAOI AGA was primarily due to changing aircraft ajitude
sollwaite tekase. and ai ispeed.

Trhe X-29 initial software releaises exhibited slow Upgraded FCS Release
but well coordinated aileroti rolls to 40 degrees AOA. (BLOCMIXAA02)
At 45 degrees AOA, mild lateral maneuvering was
possible while maintaining full left rudder pedal to Figure 21 presents peak stability axis roll rates for
offset (directional yaw asymmetries which are the BLOCKIX-AA02 software rel eae between 17,000
discii'.sed further in the Di rectional Asymmetry sectioa and 25,000 feet pressure altitude up to 300 KCAS. Data
ofi ilmi iepott tLateral-(lirectional maneuvering above for Figure 21 ate fairinigs front Figures B28 through
45d'cgteesA( A was~not osbedet alfn~~e B;2 for full stick 60-degree roll afttitude tbank-to-baitk

poe and tile presewce of yaw asymmetries. Ani rolls. Coordination (data are also presenltedl in Figures
increase in tile utility of the 35 to45 degree AOArange B28 through B32. Figures B43 and B44 present
for lateral-directional mianeuwcring compared to representative time histories of banik-to-bank rolls. The
simuolationis w ith the predicted aerodynamic model was BLOCKIX-AA02 software release contained roll rate
notcd Wing rock was predicted to degrade feedback gain reductions and an increased airspeed
lateral-directional manieuvering above approximately envelope compared to BLOCKIX-AAO I. The
35 degrees AOA. M-ild wing rock was present above BLOCKIX-AA0I software also moved the spin
37 dtegrees AQA but was of smaller miagnitude thani prevention logic onset AOA from 40 to 50 degrees.
lptedlctedl andt was not considered detrimental to
lateral-(ltreclional maneuvering. Stability axis roll rates were increased 10 to 15

percent above 160 KCAS compared to the
Aileron rolls were well coordinated with less than BLOCKIX-AAOI release. The increase was due to

5 ilegrees of sideslip below 40 degrees ACOA. Roll reduced roll rate feedback gainis compared to the
coordlination dlegraded above 30 degrees AOA. Severe BLOCKIX-AAOI release. Gain reductions were made
roll hit~iations or reversals were not present. Mild roll to increase stability axis roll rates and reduce thle
hv;,imitons wcte encountered above 35 degrees AOA potential for lateral limit cycles above 200 KCAS Roll
ksd a cot seq oct ice of witr it k ands l ow i udd et powe i. coo rdin atiton rematined good. Cont tol of (i e v aN

'Ilie il d roll hiesitatiotis were not considered asyililnioy and mlild maiieuvering at 45 dlegrees AQA
signtificantly (lettiient al to lateral-directional wats more conisistent with the absence of' spin
m1anleuvering. prevention logic inputs.

Lateral maneuvering about the full left pedal (onunand Gain Changes.
condlitioln at 45 degrees AOA during 1-g flight was
limied to bank-to-bailk rolls Coordinationl was Trie BLOCKiX-AA02 software release had
dependent onl thle direction of initial stick iniput. Left vanabte lateral command (K 13) and ARI (K-17) gains.
lateral sick inpiat whie maintaining left rudder pedal Gain combinations .Nere preselected and initiated by
followed by au right %sie reversaul allowed for inild the pilot with tliumbwheel (TW) inlputs oil the colckpit
han k lii-bl, roll11 s ( I M( qlceiev bank). Ri ghtl hicial I ( S cont rod paneld fl1il tests wvere accomtplished for
%110C Inpllts Wili I 01 a i ing left rudder ped1al t wo princi pal coinbi nalt ots:
followed by left stick ieversals generatedl large adveise
sideslipls but did not result tin depariture. Maneuver 1. 50 percet K 13 arnd 40 percent K27 increase
tratisietits betweetn 40 and 45 degrees AOA duruing (TW47)
highler atirspeed tllaneoivers shlowed increasedl
lateral-directtotlal man~ueuvering ability compared to 2 75 percent K13 arld 80 percent K27 increase
tile Il-g cases (TW53)

t %tJ~~~~~~~~~~~~~~~~~~~ IUZU Vun I I ;tIit sI ~ (I, l t1 v 1,1 t t 1Uyl ill l VVI L I %Lt~ I U 11%# &II ELI L&C

was required Control requirements were mtllilan td stability axis roll rates. Tests arnd clearanc.e were
tIN- workload was not cuinsitleretl excessive. Well performedl between 17,000) anld 25,000) foot pressure
coordinatedl rolls limited kinematic coupling of altitude to 250 KCAS.
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Momentary aileron and rudder positon saturation The TW53 combination produced higher stability
were encountered with both TW combinations above axis roll rates than did the TW47 combination.
10 degrees AOA below 200 KCAS. Saturation times Degradation in coordination capability led to increased
varied and were more often encounteredduringthe roll susceptibility to uncommanded roll reversal or
ieveisal thal with the initial inputs. Saturation times hesitation. The TW47 combination was considered the
for tw' TW47 Lonibination ranged from 0.5 to 1.5 better of the two, providing ., qignificant increase in
seconds and from I 0 to 2.0 seconds with the TW53 stability axis roll rote with minimal degradation due to
combination. Position saturation duration was adverse sideslip and roll reversal.
dependent upon the time to achieve 60 degrees of bank
angle change and thus tended to increase as roll rates Angle-of-attack control with both thumbwheel
de(.reased will AOA. combinations was degraded from the baseline gain

systems. Kinematic coupling of AOA and sideslip
Figures 22 and 23 present the maximum stability occurred with less precise roll coordination. Pilot

axis roll rate for the TW47 an( TW53 variations, workload to maintain AOA during roll maneuvers was
respecti~ely. Data for Figures 22 and 23 are data higher than with the baseline gain systems. The
tairings from Figures B3; through B40 for full stick increased workload was not considered objectionable
60-degree roll attitude bank-to-bank rolls. Figures B33 and did not detract from the increased roll rate
tluough B40 also present roll coordination data. performance of the TW47 combination.
Figures 1,15 through B49 present representative time
listi.oie, of bank-to-bank rolls with the TW Figure 24 illustrates the differences between
Collin bta tils predicted and flight aerodynamic roll coordination

ability. Increased stability axis Toll rate and
The TW47 combination provided a 40- to coordination capability compared to predictions were

(t-leicent increase in stability axis roll rate over the due to a more favorable aerodynamic yaw to roll
)aseline gaumsa .t "25 degrees AA for airspeeds of 160 control power ratio and ieduced dihedral effect. The
KCAS or greater One-g rates were comparable to the more favorable ratio reduced adverse sideslip above 23
baseline gains Thumbwhecl 47 encountered degrees AOA. The lower dihedral effect reduced
uncommanded roll reversal above 30 degrees AOA uncommanded roll reversal tendencies below 37
during I -g maneuvering. Uncommanded roll reversals degrees AOA and made the aircraft more tolerant of
above 3t0 degrees AOA with airspeeds of 140 KCAS adverse sideslip. The strong roll damnping stabilizing
oi above were not encountered with the TW47 influence of sideslip prevented roll departures in the
Loibinatlol. Higher airspeed maneuvers were absence of roll damping augmentation with position
performed from noselFw windup turns at higher true saturated ailerons. Uncommanded roll reversal and
auspeeds which reouced the total force contribution hesitation at or above 30 degrees AOA were a
(aerodynai+ and gravity) to adverse sideslip and consequence of the inability of the rudder to provide
corresponling uncommanded roll reversal tendencies. sufficient control power for coordination of available

roll rates.
'fhe TW53 combination pr,)vided stability axis

roll ittc iiicre,ses of80 to 100 per.lenl overthe baseline The ability to control side.lip buildup during high
gai.~ it ?S (le, iee,; A()A li ,ui.speeds of 1(t K('AS A()A rolls was dependIenit on roll to yaw inertmas aid
ot p.etlci The I-g rates were tomtipable to the the aerodynanic ratio of rudder to aileron power. The
baseline gains at 25 degrees AOA The rW53 magnitude of aerodynainic rudder to aileron power
combination experienced ttncouinanded roll reversal ratio required for coordination increased as the tangent
ait 30 degrees AOA during I-g maneuvers. ofAOA. Uncommanded roll reversals or hesitations as
Ut ionmanded roll reversal tendencies reduced with a consequence of adverse sideslip were dependent on
airspeed. However, the TW53 combination aileron power, dihedral effect and roll damping.
experienced wild unconmnanded roll reversals above Sideslip generatio, potential was estimated by the
30 degrees AOA for airspeeds above 140 KCAS. The indicated computations and assumptions shown in
hli'her comlfl! d ty....l( ,I 1" ,thl TW53 .. ..grtioS Figure -. , t . c l l

... y.... ifvit-lui
.....- ~~~..... R'' c 24 u ... g the ILl aw4~iLiiL uui~

produ e(l prolonged aileron saturation at 30 degrees ratio (Cn/Cl) for full aileron and rudder deflection.
AOA and above. The rudder was not able to provide Aerodynamic yaw to roll ratios falling below the
sod citent coordinating yaw rites to combat adverse tangent ofA(A line indicate adverse sideshppotential.
SlleshI) Ratios above the line imply proverse potential Exact
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For perfect coordination, sideslip buildup from kinematic coupling must be minimized:

3=psin (c) -rcos(cx) (A)

assume 3 = f=a =0.0 (B)

differentiating (A) and applying (B):

0.0 =psin (a) -rcos(z)

~Clqsb/ and rCnqsb/

substituting
/.= tan (a) and CnC= [I~ xx tan ((x
p Y

Figure 24 Roll Reversal and Coordination Potential
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sideslip generxinin cannoii4t be dletermnedc~ with this Anigle -of-att ack control during ruodcr rolls was
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pie11.4414,. .cq* rd t (W i4. un n lliii inonen delpartu res were encountered with aileron saturat ioi
(I11 it il adil due to lte large stabiliz.ing ioilluence of sideslip onl

aci 01ymnaiic roll (damping. The ove rall rudder roll

Ril tider- Rolls. ability of' thie X-29 was coiisiidee good below 40
degices AOA.

Bly5 (I lot! rate%. dmii;t lull pedal rudder rolls
WVelc l.' '4i !( 1, "hose4. 4)biaiiled (Imiing aileron iolls with Wing Drop:
the baseline Y(1' 'Iv Ime and' 111( Seslij) generatedl

were Ilighe i thn sil nilat n in pi edict iorls (file to tle High f requency (2 to 3 liertz) low magnitude,
I 101 CJS4. If111(1(14. I'. (C; .41 I Cdtli Ld I Itn Vtblt. INO t i .41Ii bank angle dist It iban ces were eincountered
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plesent beli,'.'en i0an h11 dcywcgi4.s AOA for sideslips. iock with X-29 USAF S/N 82003 withous. tie high
J1),. IpprOt.ItIatelI\ 4 1, d.ci4.". Sidle.dlit) would AOA h'i'S was e(ncounlteredl above 15 degrees A(JA
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was at the outer range of the actuator bandwidth Prediction and mathematical modeling of wing
t3 hertz). The gain levels required to damp the wing rock characteristics for the X-29 were difficult due to
drop would have created lateral limit cycle the source of the roll instability. The modified F-5A
susceptibility. Increase in the already high roll rate nosesection was predicted to produce acyclical rolling
feedback gain would also have reduced steady roll moment which was mathematically modeled for
rates. simulation as an unstable roll damping term. Wind

tunnel forced oscillation tests indicated that roll
Wing Rock: damping magnitudes were a strong function of both roll

rate and frequency which were not possible to
Wing rock onset occurred at approximately 37 adequately model. Predicted sideslip effects on roll

degrees AOA. Magnitude increased to a peak value of damping were derived empirically from time history
:16 degrees bank angle between 50 and 55 degrees matching of free flight and drop model tests. The
A()A. Mild cyclic roll oscillations of 2 degrees bank preflight predictions contained a wide range of sources
angle were present as low as 30 degrees AOA but were beyond simulation, including free flight and drop
of insufficient magnitude to be considered sustained model tests. All prediction sources indicated that
wing rock by the pilot. The small random wing drop substantial wing rock would be present above 30 to 35
was also noticeable at 30 degrees AOA. The wing rock degrees AOA.
damped out with as little as 2 degrees of sideslip due
to the large stabilizing influence of sideslip on Directional Asymmetries:
aerodynamic roll damping. Aileron inputs larger than
10 degrees also damped wing rock as aileron power Yaw asymmetries were encountered above
increased with deflection. The damping influence of approximately 40 degrees AOA (Figure 10).
increased aileron deflection was more pronounced Asymmetries were nose-right between 40 and 48
with right (positive) than with left (negative) aileron. degrees AOA. The asymmetry changed to nose-left

above approximately 48 degrees AOA. The asymmetry
Figure 25 presents a comparison of flight and remained nose-left up to 67 degrees AOA, which was

predicted wing rock characteristics. Figure B51 the linit of flight test data. The magnitude above 50
presents a representative time history example of wing degrees AOA was higher than below 50 degrees AOA.
rock The magnitude of the wing rock was less than Onset AOA and magnitude were not always consistent;
predicted. Preflight predictions indicated that the wing however, the nose-right asymmetry was well
rock would severely degrade lateral-directional established by 45 degrees AOA and nose-left by 50
maneuvering above approximately 35 degrees AOA. degrees. The asymmetries were attributed to an
The flight wing rock magnitude was considered a asymmetric vortex system generated by the modified
minor annoyance and did not significantly impact F-5A forebody section.
lateral-directional maneuvering ability.

Full left rudder at 45 degrees AOA could control
The reduction in wing rock magnitude from the asymm.-try if applied prior to reaching 5 degrees

predictions was due to a lower level of unstable roll per second yaw rate. Combined yaw and roll rates of
damping above 30 degrees AOA. Zero sideslip 15 to 20 degrees per second could be reached without
miiagnitudes of aer[xlynamic roll damping were less early application of opposing rudder. Delaying rudder
unstable thian predicted The strong stabilizing input to beyoKl 5degrees persecond yaw rate provided
ifilleitC of sideslip produLed a net increxse front intsuflicient opposing moment for complete control bul
predicted roll damping since sideslip from kinematic did prevent further rate increase. Limited control of the
coupling was present during wipg rock. Differences in asymmetries between 45 and 50 degrees AOA was
aileron power from predictions did not signficantly possible using aileron, rudder, and asymmetry reversal
alfect the wing rock onset characteristics Aileron to control yaw rates. Control was not as consistent as
power was close to or equal to predicted for deflections with the 45 degree AOA case. Figures B52 through
less than 5 degrees above 35 degrees AOA. Aileron B54 present time history examples of the control of the
powcr increased from predictions with deflection asymmetry between 40 anad 50 degrees AOA.
above 35 degrees AOA. The increase in aileron power
may have contributed to the decreased magnitude of The asymmetry was %,ll esablished in the
the developed wing rock as higher aileron deflections nose-left direction above 50 degrees AOA. Pull rdder
were Lommnanded with the higher osclatory roll rates. or full airon were insufficient to prevent left yaw rates
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Iront developing Combut.t yaw rates and sideslip- directional instability was encountered. The instability
induced roll rates of 25 to 30 degrees per second were was c .ollable with opposite rudder. No
iotiutily cilt.outered. Recoveries to AOA below 40 lateral-airectional maneuvering capability existed
degiees were initiated at 15 degrees per second yaw above45degreesAOAduetolackofrudderpowerand
late Rates k.ontinued to increase or hold constant until directional aerodynamic asymmetries.
signilicantly below 40 degrees AOA. Peak yaw rates
were sensitive to recovery technique. Full right rudder Significant increases (40 to 60 percent with TW47
opposing the yaw rate above 50 degrees AOA did little and 80 to 100 percent with TW53 at 25 degrees AOA)
tostop the onset due to lack of rudder pow r, however, in stability axis roll rate between 15 and 35 degrees
bolding full right rudder until lower AOA enhanced AOA were demonstrated with the variable gain feature.
rc,.o,,ery a.S rudder power was regained Pilot pitch The TW47 increase in lateral command and ARI gains
inputs k uld also affet.( the speed and ease of recovery. was considered the best combination tested, providing
Rapid 'tick iiutidization or inputs forward of neutral increased roll rate with minimal degradation of
could produce sufficient nosedown pitch rates to coordination. Beneficial aerodynamic changes from
inertially couple to te yaw axis and momentarily predictions below 45 degrees AOA allowed the FCS
increase yaw iate and sideslip. Slow neutralization of m lification to achieve significant performance
longitudinal control, combined with holding full right inceeases.
nldder until AOA. yaw rate, and sideslip were reduced,
was the most effective recovery technique. Mild wing rock was encountered between 37 and

55 degrees AOA. Predicted degradation of
Stmim ary: lateral-directional maneuvering above 30 degrees

AOA due to large amplitude wing rock did not occur.
The lateral-directional nianeuveringenvelope was Wing rock was present but of sufficiently small

cleared lo full separate lateral stick or rudder pedal amplitude to be considered little more than an
mnpul', belo, 45 degrees AOA. Combined lateral stick anioyance. Wing rock quickly damped with small
and nldder pedal inputs to test aggravated input sideslip angles, large aileron inputs, or during
deparluie susceptibility were not acconiplished. The maneuvering
envelope was not cleared for combined
lateral-directional inputs. Directional asymmetries were encountered above

40 degrees AOA. Asymmetries were initially
The X-29 exhibited good lateral-directional nose-right between 40 and 48 degrees AOA and

maneuvering and stability characteristics up to 45 became nose-left above 50 degrees. Full left rudder
degrees AOA. The lateral directional maneuvering could control asymmetries at 45 degrees AOA. Control
.apaibilt(N below 45 degrees AOA was better than of the asymmetries between 45 and 50 degrees AOA
predicted. The maneuvering characteristics were was marginal. Asymmetries were uncontrollable
achie,ed with a simple FCS control law architecture above 50 degrees AOA and resulted in combined left
which vvas appropriately gain scheduled. The addition yaw and roll rates of 25 to 30 degrees per second.
of ,,ariable in-flight gain featme allo,,ed the test Maintaining full right rudder and slow neutralization
program to take advantage of benieficial aerodyn,uniis of longitudinal stick was the most effective recovery
an1( to niii/e the roll performance of the airci aft technique
Ibl-we.ii 2)and 15 dcget A()A

ENERGY MANEUVERABILITY AND
Slow, but well coordinated, lateral stick only roll INSTANTANEOUS TURN

maneuvers weme demonstrated to 40 degrees AOA. PERFORMANCE
Mildl bank-lo-bank rolls were possible while holding
full left rudder pedal at 45 degrees AOA. Rudder rolls Figure 26 presents specific excess energy and
provided ioll rate., omparable to later d sick only maxinium instantaneous lurn performance at 2(,000
nmanctiers No departures vete encountered during feet pressure altitude. Data were fortest day conditions.
either lateIal s1tk or rudder roll maneuvers perforued Low speed turn rate and radius were comparable to
O)ehtl . 4) degrecs A0)A ull rudder inputs betvveen 30 current lighter aircraft. Large negative specific excess
,iid tS dcgrees AOA i'quired caution as mild energy was present due to high drag above 25 degrees
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ALIA and relatively low thrust to weight (0.97 static coordination. The aircraft was generally flown without
sea level. fuel weight of 16,500 pounds). rudder pedal inputs. Roll onset and teady rate

capability were slow for the BLOCKIX-AA01 and

The potential command increases mentioned in -AA02 software releases without the command gain
the Longitudinal Stability and Control section of this changes. The command gain increases (TW47 and
report %%ould increase the available nornial load factor TW53) produced significant rate and onset
belh 40 degrees AOA and enihance turn rate and improvements below approximately 35 degrees ACA.
radius above approximately 120 KCAS. However, the The TW47 configuration was considered the best
enhancement would he achieved at the cost of overaU combination.
increaewd negative specific excess energy due to
achieving higher AOA and associated drag at a given The rudder roll ability was good to 35 degrees
airspeed AOA. Roll rates were comparable to those during

lateral stick only velocity vector rolls. At 30 degrees

QUALITATIVE FLYING QUALITIES AOA the small yaw divergence which was apparent in

ASSESSMEN'r the data was not visible to the pilot until approximately
8 degrees sideslip. The divergence was not rapid and

l ngiludina: did not affect transient maneuvering through the 30 to
40 degree AOA region. The divergence was

Longitudinal control appeared positive and controllable with opposite rudder.
p~recise up to 67 degrees AGA. The low aerodynamic
ic-oer, iapability from above 55 degrees AOA at mid At 20 to 30 degrees AOA in 1-g flight, small
Lg V, hot (',ndeilt froin the c-ockpit. The mmenntary random bank angle variations of 2 to 3 degrees
AA hangup (luring the mid-cg maneuver to 55 occurred. The bank angle variations appeared to be a
degrecs A)A was not apparent to the pilot. ReCovery coinb'iation of the previously mentioned wing drops
to lo% AOA from maneuvers above 50 degrees did not and small cyclic beginnings of wing rock. Damping the
appeai questionable fiom the .ockpit, motion with lateral inputs was not pczsible. The wing

drop did not interfere with overall aircraft control due

I ngiludlneil control V. as good during to the small magnitude. The motion was not apparent 0
nmaneuvering below 45 to 5(degrees AOA There were during maneuvering.
no natural or pilot inducled oscdllations noted. Light
airtr.une bufft began at appioximately 15 oegrees Small axnphtude wing rock (±4 degrees batik) was
A)A and remained nearly constant V th A0A during encountered at approximately 40 degrees AOA. The
I -g flighl An increase ii bulfet level was noted duiing wing rock presented some minor problems in
a c elerated nancuvering Heavy buffet was stablizingAOA, but disappeared during maneuvering.
en uiunlered v h,.,n flying above 190 KCAS and 30 The wing rock had no sigidficant adverse impact on the
degree, AOA: however, at no time was the pilot able laterai-drectioijal flying qualities.
to tse buffet intensity as a muethod to judge AOA.

At 45 degrees AOA, a nose-right yaw motion
At tmalie A)A contioi was possilble y using the developed which required full left rudder and

CM, 1 (1i,[t O a il 11tC A I )1 di,'ctoi bars hlle ilol was aipproxiivale!y oi-third left laleral stick to control.
ANC 10asily attain the target A)A and ,sub:etquently The onset of the motion was predictable and a good
lak wilii I degree The Onset of a snall lateral indication ot AOA. By 50 degrees AOA tie motion
,aclciaton was an indictation that AOA greater than reversed and could ntt be controlled, which resulted in
45 degices had beern ichieved Longiltdill control a slow nose-left yaw as Ihe AOA w.es increa , :above
wa, plrcc ise enough to reduce AOA wh,,n this cue was 50 degrees.

mc.ounicied Overall, the aircraft had ,o undesirable
longiludinal Ilying qualies below 50 degrees A()A Lateial-directional control degraded gracefully

with AOA. No sudden loss of control was encountered.

Latera!-Directional: Aircraft control and maneuverability degradation with
tAOA% WW) Pledl~ae .lld l.,lleiablie. Ove aii, dhe

Lateral outrol "aLS aVaiable throughout the flight aircraft had no undesirable lateral-directional flying
envelope a.o peinitd maneuvers up to 45 degiees qualities up to 45 to 50 degrees AOA.
AOA o II was slow but precise, with good
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Summary: factor above 20 degrees AOA. Equivalent load factor
was defined as actual load factor for a 15,000 pound

The pilot's overall qualitative assessment of the aircraft, which was thle original nuidfuel dlesignt weight.

X-29 was that it flew better in the 25 to 45 degree AOA The X-29 USAF SIN 820049 weighed 16,500 pounds
range than any current operational fighter. The at midfuel weight. Equivalent load factor was reached
improvements included precise AOA tracking, good at lower actual load factor fbr aircraft weights above
loaded rolling capability with the FCS command gain 15,000 pounds. The FCS longitudinal command
increases, and gradual degradation of aircraft control system was capable of exceeding the equivalent load
as AOA increased. These characteristics made the factor limits above approximately 250 KCAS. Limits
X-29 a natural aircraft to fly up to 45 degrees AOA. were maintained by pilot control as opposed to

automatic FCS limiting.
MILITARY UTILITY

Envelope expansion results produced BFM
Background: limitations of 40 degrees AOA and 10 degrees sideslip.

Stricter maneuvering limitations were set for BFM to
The military utility evaluation for the X-29 allow sufficient safety margin for overshoots while

consisted oF: maneuvering "head out of the cockpit". Airspeed
limitations were 300 KCAS or 0.75 Mach number

I. Agility metric maneuvers above 10 degrees AOA. Maneuvers were limited to
aileron or rudder only inputs since combined inputs

2. Tracking from a perch setup were not cleared (luring envelope expansion.

3. Basic fighter maneuvers (BFM) Tail fin fatigue life considerations did not play a
role in the envelope limitations except in defining

The majority of the military utility flights were maneuver buildup requirements. Some maneuvers
dedicated to agility metric maneuvers. Six flights were which used large amounts of tail fatigue life were not
devoted to agility metrics. Limited agility metric data attempted.
were gathered for 200 KCAS entries at 20,000 feet
pressure altitude. The results of the evaluation are Tracking From A Perch Setup.
reported separatcty in Reference 1.

During high AOA tracking, the X-29 pilot often
An initial attempt was made to define a set of had difficulty determining overtake on the target. The

offensive and defensive high AOA tracking maneuvers visual cues for angular overtake nonnally used at low
which would provide qualitative military utility AOA were not sufficient at high AOA. Specilicall).
c%,aluations of the X-29. Portions of five flights with the larger angular difference between the nose of the
the airspeed limited BLOCKIX-AAOI software aircraft and the velocity vector would cause the pilot to
release were dedicated to tracking exercise misjudge the aircraft flightpath relative to the target.
expenniens The software was limited to 200 KCAS The pilot falsely believed that the flightpath was
above 10 degrees AOA and 25,000 feet pressure directed towards the target, when actually it was
allitude, directed behind the target. As a result, the attacker

would often unnecessarily lag the target during
The extnded airspeed mid altitude envelope of the reversals. It was not generally possible to regain nose

BLOCKIX AA02 software release allowed revisiting position for a weapons deployment following the lag
the piloted evaluation issue. Project pilots defined The tendency to excessively lag was increased by the
BM evaluations to be performed against an F-18. lack of positive target information when the target
Portions of three flights were flown with the baseline passed out of sight under the attacker's nose.
BIOCKIX-AA02 software and one flight with the Appropriate displays showing the attacker's fhghtpath
lateral command gain increases, and the target state were required to avoid the problem.

The X-29 did not have such displays.
ManeuveringLimitations:

The slant range between the target and the
Th, X-29 was limited to 6.5 g equivalent load attacking aircraft was more critical in detennining the

farlorbelow 20degrees AOAand 5.0gequivalent load nature of the engagement than at low AOA.
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( i vetional (ia _ktng nuivuv cis t(attiacker behind Flight control .systemt in-flight gain changes
target needed to he inttialed with less than 2,000 feet provided an initial look at an increasedl roll rate
separation At greater tanges. the target was ablc to capability which showed promise for further
geit at suffhuent heading Lltanges during a high evaluation, however, the program was ended before a
AAt turn ito prei.ludte a Lonventioniat tracking solution, full evaluation was accomipl ishied. The military utility
Ilowc .ey. thle high AOA defensive turn by the target tests accomplished indicated that the maneuvers
stopped anitl at niovenitnt reative to tile attacker and performed should provide a starting point for future
allo%%ed an excel'i ( opotuity for the attacking high AOA military utility evaluations.
awlIaftl to poinit aad shoot. The atta cker could continue
tW polit uit it in11niuni) guti range A high AOA OTHER FLIGHT TEST
ilensive turn wvas onlty effective if the attacker was CONSIDERATIONS

inlae .1 eet slant range.
Spin Chute:

'11he tracking :x-icises 1)tovided useful lessons
teat it'd and too 1ted qualitative infonnation on thle The second X-29, USA F SIN 820049, was
notitai ttiht of tile X-29 at high AOA. The low eqtiipped with aI mortar deployed, 19-foot dihuneter,
ailccel f entry (200 K(:AS or less) and lack of ribbon type spin recovery parachute. Spin chute
.i'ippIll) 11,1te display's liinttle' lte utility of thle jettison was accomplished with a mechanical primary
uiaticumrs aid a pyrotechnic backup system. The chute was sized

for filly dievelopedl spin recoveries in lte NASA
NetitralBFM Manie-tvering Langley Research Center vertical spin tunnel.

Appendix A contains adetailed description of the chute
'I hie BFM to an iliia; firinig solution against an and operating inectiamsmns.

F 18 Xsoweil prrs for piloted evaluations of both]
lte enivelope and tlie X-29 within the envelope. Thiree Three test deployments, following extensive
pat ('a! II iglts with the bas ik B LO('KIX- AA02 conti actor ground tests, were accomplished. A high

,intiantd gains anid one fligzht with lte thuinbwheel speed taxi deployment and jettison were performed at
iiiici5S sei prfuiiedLi'mitednmilitary utitydata 90 KEAS. Two in-flight deployments and jettisonls at0

weii' ohbtliitd with thie BFNI ianctivco, Igot and 120 KEAS were performed. No emergency
jettison system deployment tests were conducted by

Although litile time %as M jilable for evaluatlion, the test team due to potential hardware damage fromt
Initil at otin ls inicated that thle roll perhotmance using the pyrotechnic jettison system. The contractor
tvlfal~i kki evh tie it ici case I late rat _on i nd gains pet formed extensive groutnd tests of tlie eliteigency
L IIhL I pi ove a .iwnificauit advatage at high AO A Htie jIettison system prior toairciaf't delivery.
X 19 mas at lc to Jperforina l oadled roll ata sutffi cient ly
highltate to ob~tain Improved angular position on the The taxi test provided data for engine plume

F-I8 ticl ha t unoa torol he X-29 was able to effects on the chute loads during deployment. Chute
Lot i ii, rollairdton]a., tOw F-I18 had to ieduce AOA loads (luring thle taxi deployment were twice the
and tll II .i'oabili ix to Jlaiigc the plane ofI the anticipated aerodynamic loads. The test was performed

m~tiiei~ e iat military power and the additional load was attributed
to engine hplunle effects on the chute.

The first in flight dleployment was at 180 KI3AS.
.0th O1cd ioiitt utlll lc"I" Nwere aiclomplistied 20,0l00 feet pressure altitude The jettison at. 10 (degrees

iiagti~lctattg CXVoIAWS h1011n, apiMU setuip and neCutral AOA produced an) unanticipated nosedown transient to
MIt cmji-tgtnis Both evaltitations used an F-I8 -1 degiee AOA. Jettison at 10 degrees AOA was

ad' ia im~raft R~esutlt,, itiiated tlie nieed for performed to minimize transients, assititg lte chute
iick 1111 &ispl ty liuo it tot high AOA which would was aligned with thie velocity vector. The jettison was

pir ic tooth aI,ttqandI taiget airicr-at tnformation. performed at military power. Postflight analysis
Dljias . sto i tlio 10IC the at aimkug amcralIt flighlt iti Lateo t hat tlie chute was captured tby tile engine
path irialivc to tile laq,O a, kwell &, accurate target plumle, wichL realigned lte itsers away fromt the
.Ilot l ko . om.Icii rate iii (oliiiat oll velocity veci iii ; dii ectiott to produce a signi ficaiit
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0 noseup pitching moment. The transient upon jettison the vertical tail. Buffet intensity increased with AOA
wasduetothesuddenreleaseofthelargechuteinduced and airspeed. The buffet magnitude required the
moment. The magifitude of the moment was larger than initiation of a fin fatigue analysis and a corresponding
anticipated due to the entrapment in the exhaust plume. fatigue tracking mechanism.

The second deployment and jettison were The high levels of vertical tail buffet produced a
performed at 120 KEAS and 20,000 feet pressure high frequency (approximately 16 hertz) feedback to
altitude. The jettison was performed with flight idle the roll axis. The roll rate combined with high gains
power at 10 degrees AOA. Flight idle power was used produced large aileron commands which affected the
to avoid chute entrapment in the exhaust plume and left outboard flaperon actuator hydrologic redundancy
subsequent jettison transients. The jettison was management. Initial nuisance trip3 of the primary
successfully completed without any major pitch system were encountered routinely above 150 KCAS
traisients.Jettisonproceduresweremodifiedtorelease and 25 degrees AOA. When a primary trip was
in-flight idle power only. declared, the remaining two servos were monitored

with a simplified actuator model in the FCS computers.

Engine Operation: The high aileron commands generated by the tail buffet
occasionally exceeded the rate limit of the simplified

The X-29 F404-GE-400 (F404) 1 engine model and declared a secondary trip of the actuator.
demonstrated excellent performance during the The actuator was still operational with the third servo.
program Initial expansion was performed at military Either primary or secondary nuisance trips were reset
power with fixed throttle to avoid engine stall or after maneuver recovery to restore full operationaland
stagnation. Military power did not provide the failure detection capability. All trips occurred on the
maximum stall margin but was required to provide left outboard flaperon actuator. Other actuators were
maximum hydraulic flow rates. High flow rates were not affected. The trips occurred with several actuator
desired to maintain surface actuator rate capability in combinations installed at the left outboard station,
case of departure. indicating that the condition was environmentally

generated.
Throttle transients and atterbumer (AB) use were

cleared throughout the AOA and sideslip envelope The BLOCKIX-AA02 software contained a roll
after the initial AOA expansion. Afterburner clearance axis analog notch filter and roll rate feedback gain
was conducted with throttle ca,.cellations to military reductions to solve the nuisance trip problem. The
and flight idle power to 45 degrees AOA. Full dry simplified FCS actuator model was also modified to
power throttle transients were performed to similar more accurately represent the true rate capability. The
conditions. No engine stalls or safety of fight initial model contained a low rate limit which was not
anomalies were encountered during the test program. representative of the actual limit. Only one primary trip

at approximately 160 KCAS was encountered after the
Aft'.rburner light would not occur above 12 modifictdtions. No secondary trips were experienced.

degrees AOA below 150 KCAS. The suspected cause
wa.s an out of tolerance afterburner flame holder. Air Data System:
Failure of afterbumer light with the F404 was not a
dangerous condition since the engine control unit The X-29 was equipped with a National Advisory
would shut off AB fuel flow if no light was detected. Committee for Aeronautics (NACA) noseboom and

two side fuselage-mounted pilot probes. Consideration
Vertical Tail Buffet: of the potential for pitot stall at high AOA was given

in the design of the FCS control laws. The FCS gains
High levels of vertical tail buffet (120 g's did not vary below 100 KCAS. The noseboom was

, fceleration) were encountered above 25 degrees AOA anticipated to provide the least stall susceptibility. All
and 150 KCAS. The source of the buffet was attributed FCS airspeed data were taken from the noseboom
to the forebody or canaid vortex system impinging on

Iie X 29 I44(-GH 4(X engine wilt be referred to a, 1 4(4 throughout diti, report.
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SOUiLCeabove 15 degrees AOA for the BLOCKIX-AA Sideslip vane instabilities were encountered at
-ind AAO I software releases, approximately 65 degrees AOA. The instabilities

produced large errors in vane me asured sideslip.
Figure 27 lpresents a comp~arison of the nosebooni

Midt inert ial navigation systen (INS) compJuted1 Real-time and batch simulation for pilot and
iriuri~iL':sill dnamc prssu e enoseboonipitot engineer training, flignt planning, and aerodynamnic

stil heaiiaappoxinatey 3~tto0dereesAOAand model updating was an invaluable tool. Extrapolation
',AU _Omlpletei) staled by 50 degrees AOA. The side of the derived flight aerodynamiics to the next test point
mount. I fuselage prob'es followed simlAar patterns allowed the preparation of expected and worst case
s'. ih inital sutal beginning at approximately 30 degrees scenarios and pertinent critical parameters prior to
AOA Ilhe BLOCKIX-AA02 software raised! the AOA flying a new test point.
foi sole use of the nosebooiii in thie FCS to 40 degrees
AOA I In. di flt eni-es betweeii the sidle probevs and the Simulation was usedl ws arlother engineer;iig tool

noithmom %wit iiisuf tiuot to iemilt in nuisance air andlshould not be consideredmananswer in alid of itself.
daia icdunidaiicy maiiagenment trips. Simulation results call give valuable as well as

erroneous information. 'IlIe simulation results must be
I he, stall of the pitot p)robes also affected post- integrated with other test results and used as part of the

flighi (la analysis Accurate (dynamnic pressure was decision making process.
lequi iedl to determine aerodlynamiic characteristics.

Th'le INS _ornputed dymnic pressure (Appendix E) Variable gain capabili;y with the FCS allowed the
as used foi prst fight (l,14a processig atbove 30 rapid evaluation of various gain combinations with a

degv-e, A()A. single soltovare release. Thie capability ieduced thie
required test and evaluation imne for gain chianges. A

'Thle noseboom SRistip) Vane enlLountered ain significant increase in roll performance without
instablihi '1 at pproximately 05 (degrees AOA. T1he resort ing to anothter software re lease was re ah zed witIh
instability can be seen in Figuie B316.1The INS sideslip the variable gain feature
was more accui ae for this region. Aerdyai Modeling Related:

LESSONS LEARNED
Nonlinear and complicated aerodynamic models

ilight 'rest Related-: canl be updated from flight test results in a timely
manner. The X-29 flew two expansion flights per week

Ehle "piil (. hle wyas trapped in the exhiaust plume on a single fly (lay Th'le simulation was usually updated
dwsing~ in-flight ljettisons in imilitary pm~xer The with the best available results prior to the next fly (lay
'Mlrainient icaligned the parachute risers and the following week The ability to rapidly update a
p rOd u .d 1 Si gi I icAt nanticipated nosedown simulation miodel relied heavily on flight data turn-
transient onl lettison Jettisons in flight idle power did around. The X-29 usually had post flight second
not entrap the chute and jettisons were essentially generation data within 24 hours after the flight.
traiiscii fice at 10( degrees At A

Noiilimiea aerodlyniamic flight test data re(liiiied
Pitot tutbe stall began atii iodciate AOA. 3t) to 35 more effort thaii liiiear estimation. D~eveloping a

Oni ds idL'VVtOpIlC into athill stall by 5f) degreeks, nonlinear 11light update procedlure requ ired an intiminate
Valid dy man pressiiie and air.,,peed are req'iiid for know ledge of the nonilinear nature of the prediuted
dcii' at(it~o' .ierody nanni- _oel fiwients D~ris in aerodynamic model Simply analyzing local stability
dyiiamic p sure~ f-an iesult in mgifiicant flight and control derivatives %ws isfficient. A knowledge
den'.A Kd I ioy DAMi~ cui, ellntII CUMoS The INS was of predictedI tonlineaF trends was required in ordei to

1- !"i'v 1)otl true airsoccsd arid (lynamil. pressure establish extrapolations of localized results across a
fo m whenl the 1)1101 tiS'N began tomsall 'thle INS gave broader range of flight condiiioils.

me it s istei i and believable airspeed results above
'iO dc';c:.AOiA
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I pdauiuig a nonilineat datai base with pure linear with extentsive 6 degree of' freedom (DOF) simulation
Ifight test( results should not be attempted across large for the control law design. Initial gains were
v aii atio iss from t rinii. Applying pure linear established and then appropriately tuned with tilc
inodsilicatiom' it) a iilslear isiodel canl unreasonably simulator. Extenisive liear analysis was not used as thie
dlistort result.%. U~pdates should be made in a piece-wise hIgh AGA region was highly nonineiar. Modem or
lineal fashion and forced to follow predicted trends optimal control theory was not applied nor required.
where flight data are not available. The structure of the control laws were dictated by flight

mechanics requirements and not by restrictions
The best results for the initial flight derivative imposedl by questionable linearization.

estihnidions were obtained by developing appropriate
, ievers Adding high frequency control raps to the Series gains with common independent variables

classit doublet, proved an excellent maneuver for should be collapsed to a single gain. Assumnptions of
e.Stiniauing stability and ,onitrol denivatives. The rap,; linear variations of the gains when miultiplied together
adlded to formiation which simplified sorting out are valid only at common break points. Multiplication
poicw rttr j i .deoffs between stability and] control of ganis at conditions in between break points will riot
paramieter', Varying thie magnitude of the raps aided in give anticipated results. Assumed linear variations
delint ug control pous er iioilineanties. Using larger will, in fact, be a polynomial variation. The order of thle
airpli tude mniareuve'rs (sideslips. rudder rolls, aileron po~lynomial will be (the number of series gains
rolls, etc- ) provided information for aerodynamnics inul Itipl ie together. Variations from the linear

heyiiofifteIiuc'~res imii i ageAnother useful tool assumption can be large and h ave signifiant impat Oil
was computing total flight aciodlynanhic force andl desired characteristics.
mniewn coefficients for coinparison withl)predlicted
resulls Predicted aerodynamics were easily generated! A parallel washed-out ART .-ircuit was useful in
I rout thie siniulation aerodlynaiti niodel dIriven wvith the X-29 for improving coordliniation during rapid
flight tI., m ieasuredl inputs. A direc.t compadson of the reversals is well as steady-state rolling. The wvash-out
otwl I light anid poedictled coecfficIenlts Could be muade circuit provided an additional rudder input to initiate,
and large dliffererices readily idlentifiedl. stop, or reverse a maneuver. The additional rudder

command aided in overcoming the large yaw to roll
A large uipda~te miatrix witht appropriate inertia of the X-29. Less rudder was required to

ideflenilcat vam able break points was required. Even coordinated steady rolls due to propelig rotational
with the large si/'eofilie matrvideveloped fortne "K-29, aerodynamics The washed-out ARI circuit also
inodelirig ,old have miproved will) additionial break allowed tie use of lower R-P~x feedback gains which
I oum S The numbi er o f break pont required was a was (desi rable in lowering atorcill susceptibility.
function of ilie degree of nonlinearity for tlie updated
.irtf,tt Nuiniious inodihicatioits to thle breakpoints Six DOE .simulation was invaluable in the high

'aec nit de, duriC (lthe course of the programi Early AOA control law process. The simul; fioni allowed
RidtItLAtild predicted Ni gonS of high aerodlynamic rapida~d lustment of initi d gains and structure based on
nonlinearity helped esial-lisfi the initial set of break the full nonlinear namtum~ of the aerodynamics and
I omilts. however, time 'a ould lia~e been Saved by equations of motion. An understanding of the nonlinear
liii hdilng iloi pliu 'a ' Iiitially tfiugtit iClainonshmpl was felt to be essential for .a successful
ittCeaiv M% desigii.

figh-t (!nrol..Sstii Related: Attention must be paid in the design process to
sensor perfornmance, especially at high AOA where air

Good highf AOLA stability, coni ol. amid data probes and vane values of flow angles canl he
itiritt crri a).iiltywrstdeinionstrated with simple erroiieous. Sensors which operate reasonably well at

coiod la'ak architecture ,omibined wish ap~propriate low AOA inkyi become unreliable at high AGA. IT-is
gain ,,ctieduhn- A kno'aledge, A~ high AOA flight will have implications for both redundancy
iietiaims arnd classic.al Lontrol law (design 'Acere used miagenent logic as well as control law perfonmiatice.
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CONCLUSIONS

AERODYNAMICS

A nonlinear flight test based update of the conservative for the X-29 in the presence of* noseup
simlnuallon aerodynlhilti model was successifui it inertial coupling. Marginal recovery was iL.OUuite red
providing characteristics closer to the actual aircraft above 50 degrees AOA, which had a more nosedown
than the original predicted model. recovery pitching moment than the Cm* value taken at

65 degrees AOA.
The ground-based predictive methods adequately

determined the stability and control trends ,ith angle Future programs designed to provide the X-29
ol attack (AOA), but the accuracy of individual with lateral-directional maneuvering above 45 degrees
aerodynamic parameter predictior.s was low. The AOA will have to address the low longitudinal
greatest difference was noted in the longitudinal axis. recovery capability. Stability axis roll rates above 20
High AOA aerodynamic prediction methods had a degrees per second across the center of gravity range
higher degree of uncertainty compared to low AOA will not be possible above 50 degrees AOA without
prediction capability, providing increased nosedown pitching moment

capability.

STABILITY AND CONTROL
FLYING QUALITIES

Good longitudinal stability, control, and
maneuvering characteristics below 50 degrees AOA The pilot's overall qi:alitative assessment of the
(55 degrees ahead of 446 inches center of gravity) were X-29 indicated that it flew better in the 25 to 45 degree
achieved with a simple pitch rate command flight AOA range than current operational fighters. The
control system. lie maximum pitch rate capability was improvements included precise AOA tracking, loaded
comparable to other modem fighter type aircraft. rolling capability to 45 degrees AOA, and gradual
Angle-of-attack control during 3-axis maneuvering degradation of aircraft control as AOA increased.
was considered good. with acceptable pilot workload. These characteristics made the X-29 a natural aircraft

to fly up to 45 degrees AOA.
Good lateral-directional stability, control, and

maneuvering characteristics up to 45 degrees AOA MILITARY UTILITY
were achieved with a simple flight control system
architecture which was appropriately gain scheduled Results from the military utility maneuvers
The addition of a variable in-flight gain feature allowed indicated the need for cockpit displays at high AOA
the test program to rnar.imiie the roll performance of which would provide the attacking aircraft fhghtpath
the aircraft between 25 and 35 degre, AOA relative to the target, as well as accurate target range

and closure rate.
The A)A envelope wa:s cleared to 50 degn'es for

All tenters of gr,- ily aid to 95 degrees for centers of Flight conltol sys.e' Iin-flight gain changFes
gravity at or ahead of 4,16 rices Clearance above 55 prtovided an irutial look at an increased roll rate
degrees AOA would require further testing since only capability which showed promise, however, the
one maneuver above 55 degrees was accomplished, program was ended before a full evaluation was
The lateral-directional maneuvering envelope was accomplished. Limited military utility tests were
cleared for full separate lateral stick or rudder pedal accomplished with the increased roll rate capability.
inputs below 45 degrees AOA. The envelope was not Thec military utility tests accomplished indicated tnat
cleared for combined lateral stick and rudder pedal tle maneuvers performed sho;.ld provide a starting
inputs point for future high AOA military utility evaluations.

The proposed minimum nosedown aerodyumic
pitching moment (Cln*) criteria of Reference 8 was not
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* AIRCRAFT DESCRIPTION

GENERAL

To reduce technical risks and investment costs, the 7 Additional cockpit instrumentation was
design ol the X-29 used llight-proven, "off-the-shelf" installed to decrease pilot workload including:
equipment wherever possible. The aircraft used a
modified F-5A forebody and cockpit; main landing a. Large AOA and yaw rate indicators in the
gear, an emergency power unit, jet fuel starter, and center of the main instrument panel.
atuators from a USAF F- 16; and U.S. Navy F-14 rate
gyros. A dight-proven General Electric F404-GE-400 b. A single-needle gross-scale altimeter to
engine with afterburner provided approximately complement the primary altimeter.
16,000 pounds of thrust at sea level.

c. Spin recovery lights to indicate proper
The second X-29, USAF S/N 820049, was rudder pedal and lateral stick directions in the event of

identical to the first X-29, USAF S/N 820003, except pilot disorientation during a spin.
for imodi fications incorporated to permit safe operation
in the high angle-of-attack (AOA) flight envelope. The d. The attitude director indicator (ADI) was
following changes were implemented: modified so that its needles could be controlled from

the ground via the remote augmented vehicle (RAV)
I. Two additional noseboom angle-of-attack facility. The needles were modulated to aid the pilot in

vanes were added aft the existing vane for air data holding conditions and perfouning maneuvers.
redundancy.

A more comprehensive description of the design
2. A spin-recovery parachute system (spin chute) a,., ground testing of these modifications is contained

was installed, in Grummman Report No. 712/CDM-M90-001, Final
Report: X-29A-2 High Alpha Modification Design And

3. A Litton LN-39 inertial navigation system was Analysis.
installed for reliable angle of attack, sideslip, and air
data at high AOA. SPIN CHUTE

4. Two modifications were made to the A spin recovery parachute system was installed on
environmental control system to increase operating the X-29 USAF S/N 820049. The system was intended
efficiency during high angle-of-attack flight; an for use in the event of an inadvertent, uncontrollable
external exhaust scoop was installed at the spin. Many ofthe X-29 spin chute system components
prii iary/secondary heat exchanger rain outlet to were similar to those on spin chute systems used on
maintain proper pressure differential; and the precooler other aircraft test Programs. The mortar fired parachute
electors were iiodified to permit operation in flight and system was pa of a standardized family of parachute
maintain a lavorable leed air flow. systems used on more than a (o7en flight test aircraft.

'Ihe spin chute arming mechatusm was schematically
5. Th, emergency power unit circuitry was identical to that used on the Grumman F-14 aircraft.

revist.d to permit operation in the bleed air mode. The Similarly, the cockpit arrangement was also based on
inodification was incorporated to decrease startup time the F- 14 cnrguration.
at high altitude flight conditions.

The spin chute consisted of a mortar ejected spin
6. The wing surface pressure ports and wing recovery parachute, an arming and jettison linkage, a

deflection instrumentation were not installed on the pyrotechnic emergency jettison system, a passive
second X-29. jettison system, a structural support truss. and an

0
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electiical sys:emi which provided pyro initiat'on, lighted when (lie pyro-test switch was selected. Thbis
~ockpit iiidication. andc in-flight system readiness test allowed check out of the pyro circuits and the status

features The ai range n-wr it of the sp~in chute painel lights from the cockpit.
nio0(ifhi.ations onl the aft portion of the aircraft is shown
in Figure A 1. Additional detail is shown is Figure A2. When the chute deploy button was pressed,
'okpit iiiedif ic.ations are shown in Figure A3. voltage fioni two independent circuit breakers was

supplied through four (ditferent circuits to thie tour
Based oii spin turuiel tests at NASA Langley. it 19- bridgewires in the two deploy pyros. The chute jettison

foot nominal diameter parachute -with a 75-foot towline circuit operated in the samie way except it was activated
was selected. Drag coefficLient of tis parachute, based by the emergency jettison switch locatedl on the throttle
onl thle 19-foot iaid-out-flat diameter. was 0.508. The quadrant. Normal jettison and emergency jettison
des i gn -onii U ms were: a din mic pressure of II 10 psf'. functions are illustrated in Figure A6.
an e.qui alent itIOspeedl of 18(0 knots, and a total force
of 10 0(00 pounds The confi guiration is shown in Figure EMERGENCY POWER UNIT
A-4 11he III ol ar de ployed spini chute system chosen wvas
tile Mlitsulbshi XT-2 spin chute manufactured by Irvin The emergency power unit (EPU) was a
lndtu'OlIe icsI It was modified in accoidance with self-contained, stored energy system that provided for
Gniinan Specification No 71 2DCV025 and used on simultaneous generatlmn of emergency hydrauliz and
[lie X-29) electiical power. It was designed for the F-16 and

installedl in both X-29 aircratt. The EPU was used to
I lie iC iitt 1)0 de ( I'WaS(Cployed ho01ii , .e aiicra ft vi a inaint ainI conti ol of tlie aircra ft in case of failure ofI the

th parlkim it miortar assemibly [-he primary mnortar main electrical system generator, failuire of the main
.isseliibly ,onlpoilents weie thle mortar b( 'v. the hydraulic system pumps. loss of engine power. or
breekti. tvc) ilortar deploy ment ,auriidges, tile sabot, power takeoff (PTO)) shaft failure. Powver for dri% Ing
and tile extended co,,er '[he arrangement of these the 23-gpii hydraulic pump aiid the 5-kw electrical
-oiloniei.t is shown in Fig'ure A5 genierator was derived by converting monopropellat

fuel (70 percent hydrazine and 30 perce nt water) and/or
Reliabilit: of functici vas thie foremost design by engine bleed air The mionopropellant automaticallyS

co)iilraliofl To enhance reliability, tile dual-port augmented the engine bleed air mode whenever the
b'eh hadci tvw i(Ienitjal colndges, each containing EPUJ output power demand exceeded the bleed air
oiie-hill ( if total,1 propellait. ignitionl of one would capability. The EPU would provide power for about 7
ret ~chl ignite tile other Each c.artridge contained two minutes using monopropellant only, and would
brligevw ires. either of which would ignite it. provide power for an unlimited duration on engine

bleed air.
'[lie .,,in chute electrical system was redundant

,iiii-l cirollc.d tie firing of the chute deploy pyros and Concern was raised that EPU start-up time, which
thle icack-uppje~oison pyros 'There wvere two bridgewires was critical due to the high degree of' longitudinal

in e&Yh py and there %weie twko pyros in tlie deploy instability, would be increased by EPU oil churning
ki' Mii Jdc tA wI tilte hettisll Whi itVleni thle pyici induced b) extremie attitudes iiihicrent in a high AIDA
allir', 1i Ii lokattcl oil Ihc 'qm chute siaitus panel1, was pihigi 'To ininnn/e this iisk. Fll t i imiy wvas
iii IN t-ic'Seue pltioi. thle py 10 bridgewiies weic imod if ied on X -29 USA F S/N 820049. 'rte
shlcd it) grouiid This w as to prevent electromagmietic niodi ficatiorl allowed the EPU to run in bleed air mode
interference tLIM) fioin supplying tile energy to fire during high AQA maneuvering. If a failure occurred,
thle iiloi When the sw itch was placedl in tie arni tile nlonopropellant augmentation mode would be
posIt it n. tile groundinlg was removed and the p~ ros initiatedl iinmediately and no EPU spin-up time would

VR'(onneilCe to the pyio-test switchl, the deploy be required.
switchi. an d tIile jettison switlih

ENVIRONMENTAL CoNTROL
Whiein thle pyro-test switch was selecte.!. ' age SYSTEM

and l the sanie circuit used foi tie actual firng [ile !zoview of tlie X-29 USAF S/N 820(103 flighlt data
c-Iii ret iii tills test %kas I im itedl to less ihiacn 40 at sustained AOA at)' ye I ') degrees showed a rise ill
iii i11ll i is liI inilon, al 111 hin ICu st a!tus panels enyvironmcnt al cOntrc c sy stemi il tCS) turbinei speedaiid
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degraded cooling to the flight control computers. This The forward duct section consisted of
was attributed to the lack of ram air to the two heat conventional aluminum alloy skin, frame, and
exchangers, degrading their capacity tocool theengine longeron. '.ey elements were the duct lip and splitter,
bleed air. Further impacting the ECS performance at the canard support and actuator access, fuselage side
high AOA was th. EPU, which would be extracting 45 mounting points, diverter inlet ducts, and diverter
percent of the total bleed air. Studies of ECS operation support struts and attachments.
indicated that modification was required to etiable the
ECS to operate at higher angles of attack. These Each of the canards was a one piece assembly that
changes made for the X-29 USAF S/N 820049 were: included formed aluminum alloy covers and ribs,

machined aluminum alloy leading and trailing edges,
I Cockpit switches were incorporated to turn on and a machined titanium torque shaft/spar. The

the ejectors of both heat exchangers in flight to induce canards were the primary pitch control surfaces and
additional flow through the heat exchangers. were driven by two F-16A flaperon integrated servo

actuators (ISAs).
2. An exhaust fairing was installed for the

prin.ary/secondary heat exchanger ram air outlet. The forward swept wing consisted of a continuous,
tip-to-tip, 26-foot span main box structure. The wing

3. Four additional temperature sensors were featured a primary box comprised of aeroelastically
added for ECS monitoring and data analysis. tailored graphite-epoxy composite covers which were

bolted to a titanium front spar and five aluminum
DESCRIPTION COMMON TO BOTH in rmediate and aft spars. The wing leading edge was
X-29 USAF SINs 820049 AND 82003 fxed and made of detachable alumint m segments

Dual-hinged, trailing-edge flaperons provided high lift
Figure A7 presents a schematic drawing of the during takeoff andlanaing, lateral control, and variable

X-29 research aircraft. Further aircraft information is camber to maximize the lift over drag. The tip caps.
presented in Table Al. A deailed description of the gloves, leading edges, trailing edges, and flaperons
X-29 flight control system is contain- 'in Appendix D. were attached to the main box structure. The main box
Figure A8 presents the X-29 sign convention, upper and lower structure covers consisted ol

conventioaal 0/90/±45 degree, laminated assemblies
The X-29 fuselage structure consisted of a made from graphite-epoxy tape. Primary

modified F-5A forward section which ircluded the graphite-epoxy tape plies outboard of wing station 64
avionics compartment, cockpit, and nose Luding gear were oriented 9 degrees forward of the wing box
doors. New aspects of the structure intluded the centerline axis to provide the required beneficial
canards, the forward engine inlet duct secuon, the mid aeroelastic coupling between bending and twist
and aft fuselage sections, the main landing gear doors, deflections of the wing. Plies were arranged to provide
the fuselage strakes, the vertical tail, and the forward linearstress and strain behavior andeliminate complex
swept wing. Sufficient fuselage strength was provided splicing due to ply direction changes across the aircraft
to penmit the addition of a spin chute. The wing centerline and at the sweep-change station (wing
%tructural box had hard points for attaching two station 64). The main box structure supported the other
external stores pylons under each wing and a wing components and transmilted applied loads to thc
sidewinder missile launcher adapter at each wing tip. fuselage. The main substructure consisteJ nf 6 spars
External stores were not carried during any flight and 12 ribs.
testing.

The dual-hinged full span fiaperon flap-tab system
The F-5A forward fuselage had several structural consisted of three flaps aad three tab segments per side.

modifications to adapt it f(." use on the X-29. The nose The flaperons were actuated by four F- 16A rudder
t.ap v as replaced with one incorporating nose strakes ISAs at wing stations 58 and 127.
an:, a flight test noseboom. Forward engine inlet duct
supports were also added. The side panels were Each fuselage strake included an integral fuel tank
iuodilIied for tbe inlet diverterranps. The uockpit floor and a hinged trailing edge flap. The strakes used a
wx,. modifie(d to accommodate new control (levices. built-up cons'ruction with a formed sheet of aluminum
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allioy and i lchiiied paw s using conventional The hydraulic power supply consisted (it two

chaniel tcdtechniques to assure tank integrity. The F-16A 3.0(00 psi type 11 hydraulic pumps supplying
stiakc 1baps wveic used symimetrically as longitudinal separate flight and combined hydraulic systems. The
(.ontrcil surlaces These flaps were driven by two flight hydraulic system powered the primary flight
actuators deindad p~roduced specifically for the control surfaces. The combined hydraulic system also
X 29.tticratt. supplied power to the primary flight control

dual-tanden actuators and, in addition, supplied all
'filhe veltical lail colisisted of' the fin box, the utility subsystemns such as the landing gear, wheel

leadiry edge atIdaictuatim support structure, the rudder, brakes, nose wheel steering, and jet fuel starter motor.
te( itiumtor tailings, mind at tip) cap. The rudder was All utility su bsystems were isolated d uring
supprtedll' by hinges and by at bearing below the ".wheels-up' flight to protect the integrity of the

tamnThe rudder wits driven by an 1-I6A rudder primary flight control systems. Alternate power for
lnteglate~l seivo actuator. emergency main landing gear extension was supplied

by stored pnieumatic energy. The alternate mechanical
1 tiC afid at ks p~lowtered by a single release systeiii for the F-5A nose gear was retained

I-4 1. (i [-400 timbolan enrzirie %k ith an aftiiburner without change. Accumulators provided alternate
Mhi potitttid approximately 16,000 pounds of sea power for park and emergency wheel brakes. In the
let i uniitalled static thrust. Engine airflow was event of hydraulic system failure (pump, AMAD, gear
pri tided thirough two simple-fixed geometry inlets box, gear train, PTO shaft, or engine failure), hydraulic
iiitegratedt into each side of the fuselage aft of the power to the flight hydraulic system would have been
cotkjrit The inlets had( laige radiuis edges which provided by a 22-gallon per niinute Vickers pump

peritiedl a s% 'Id range of acceptable anigles of free powered by the r-I 16A EPU.
sit arn flow inid ~ence. The ex~haust tioi Ac was the
samne as used with thie F404 engine on thie F- I18 arcrall The urcraft fuel systemn employed a r-inmber of
iiewine startig .Uid sec.Ondalry poe systelils used Ite coiponents which were in current production. Fuel

.'Mile animcfth mouiited at t ssors drive (ANIAD) unit was contained in four interconinected fuselage tank%.

As ued (oilit:e F-I0 6 irciall 'The AMAD[ unit was Twvo tanks were light weight bladder cells and wer
(tnt ei byk ai lvF(shaft iiiae of omtposite nialci ijs. Ii, located in the inaun landing gear wheel well. Two tanks
the et tlil ofa failure caIusing thle loss of aurcraft power, were internal types located ini the strakes. The bli,,dder
JII F-I Fil PI was install'.d to supply poster to the tanks used for engine feed were subdivided for
aimcalit negative g operation. An automatic internal fuel system

management scheme, which employed electric boo,,t
Fhe laninlg gear of io X-29 was a conventional pump transfer, engine feed, and a gravity iruerconnect

inc.. 10 cot iguratitin icoihisting of right and left between tanks, required rio pilot attentionduring flight.
jlnctir~tilln ,hOck M)trut 111111 gear and at single-ts heel Pressure fueling was provided through a fagle fuelig
iiili ailit. shock st rut nose gear. All major and defuieling adapter locatedl in the inw landing gear

c'01i1polelits within the landing gear system were flight well.
pi tied (1ff-theIC- she If ham d tsare. The landing gew~
ia~t iiierit providled at tirnover angtof5(ege, The X-29 electrical system (onsisted of three

i ;' 'ii o i ymini si ,hi it y ion the aircraft. The powei sources. an F-1I6A 40/50~t kw inte grated drive
!1i ytipl ii,( dl 11tt 1y illoiiiitt d ide aiticiilamiig generator dtiiveii diietitly front the AMAI) as the

V I o,\ inai gear asseiiitly Fhe xistmnig nose geai primary generating system: an emergency 5 kw
iwiisliled in the F 5A ilose' sctIi Was Used without alternating Lurrent (ac) getierator powered by an F- 16
c.iii11ge 'I lie nose wheel steering actuator W,is all EPU, and the batteries. The ac sources fed two buses.
intlegral part of this assembly The existing F-5A The main and essential direct current (dc) power was
stIng11 4 cioilnl sy'steml was used without change. A derived front the ac through two transformer rectifiers
niest inaii gemr wheel w;as iisldlletl that was compatible (TRs). The TRs fed the main and essential dc buses
with the existIing mnaiti landing gear alye and thle Ply while the battery energized the battery bus. The
Rating tubeless tire Thle braikes were oper.,tedl by the electrical system p~rovided at fil-safe capahility
-oiivenitional toe-type brakte pedlals from thle existing through the use of the EPU generator. The battery
F-5A nose setion uisig transdwcers and electric, brake provided aii addiuonal backup source of electrical

valve 1 toNV l idlit- hydrautlic. pressure to the brakes pow~er to1 the FCS in caise of at dual generator Nalure.
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The X-29 environmental control system used the FCCs. The breathing oxygen system of the X-29 used
F-5A air conditioning and pressurilation system as it the F-5A system as it was installed in the forward
was installed in the forward fuselage secdon. The fuselage section.
system was modified to accommodate the higher bleed
air supply pressure and temperature available from the The standard F-5A ejection seat was replaced with
F404 engine and the forced air cooling required by the an F-5A qualified MKGRQ7A ejection seat.
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Table Al

GENERAL X-29 NUMBER TWO INFORMATION

11 q q

Reference Area 185.00 ft2

Exposed Area 188.84 ft2

Span 27.20 ft

Mean Aerodynamic Chord (MAC) 7.22 ft

Aspect Ratio 4.0

Leading Edge Sweep -29.27 deg

1/4 Chord Sweep -33.73 deg

Taper Ratio 0.40

Dihedral Angle 0.0 deg

Flaperon Area 14.32 ft2

Flaperon Deflection 25 deg TED (+)

10 deg TEU (-)

Strake Flap Area 5.21 ft 2

Strake Flap Deflection 30 deg TED (+)

30 deg TEU (-)

Reterence Area 37.00 ft2

E;-:posed Area 35.96 ft 2

Span (I Canard) 3.69 ft

MAC 5.46 ft

Aspect Ratio 1.47

Leading Edge Sweep 42.00 deg
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Table Al (CONTINUED)

GENERAL X-29 NUMBER TWO INFORMATION

1/4 Chord Sweep 23.08 deg

Taper Ratio 0.318

Deflection 30 deg TED (+)

60 deg TEU (-)

Vertical Tail

Reference Area 33,75 ft2

Exposed Area 32.51 ft2

Span 6.67 ft

MAC 5.54 ft

Aspect Ratio 2.64

Leading Edge Sweep 47.00 deg

1/4 Chord Sweep 41.05 deg

Taper Ratio 0.306

Rudder Area 7.31 ft2

Rudder Deflection 30 deg TEL (+)

30 deg TER (-)

Engine F404-GE-400

Inlet

Capture Area 650 in2

Throat Area 473.5 in2

Fuel JP-5

79



Table Al (CONCLUDED)

GENERAL X-29 NUMBER TWO INFORMATION

Zero Fuel Weight and Balance

Gross Weight 14,583 lb

xcg Fuselage Station 451.6 in (-8.9% MAC)

Ixx 4,541 slug - ft2

Iyy 51,746 slug ft2

Izz 56,931 slug- ft2

Ixz 2,559 slug - ft2

1juel Tank Capacities

Feed Tank 1,830 lb

Forward Tank 1,810 lb

Strake Tank 340 lb

Total 3,980 lb
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CHUTE DEPLOY CONTRcL

CHUTE LOCK/
J.ETTISON HANDLETA
(PRIMARY)

CHUTE STATWI PANEL

OfJTE £TTrzsoNJ
SWITCH (SECONDARY)

Figure A3 Cockpit Modifications
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SPIN CHUTE
MORTAR PYROS

CHUTE DEPLOY JETT 2
DEFLOY

CHUTE
JETT
JAW PYROS TEST
LOCK PYROS/LAMP

HAMMER ARMH ON

SECURE 
OFF

Spin Chute Status Panel

Figure A3 Cockpit Modifications (Concluded)
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Figure B32 BLOCKIX-AA02 300 KCAS Roll Performance
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0 AERODYNAMIC MODEL UPDATE PROCESS AND VALIDATION

INTRODUCTION

The X-29 high angle-of-attack (AOA) predicted model and a brief description of the validation process
aerodynamic mathematical model, AERO9B, ae discussed separately in the following sections.
contained the integrated results from eight static wind
tunne3 tests plus forced oscillation and rotary balance LONGITUDINAL UPDATES
tests. The integration of this wind tunnel data into a
FORTRAN mathematical model was completed in two General:
parts. Grumman developed the longitudinal portion
and NASA Langley developed the lateral-directional Two problems were encountered while updating
portion. The longitudinal and lateral-directional the predicted longitudinal data base. First, the
portions were integrated by Grumman into a single simultaneous movement of all three pitch control
model which was labeled AERO9B. This was the surfaces made it impossible to obtain separate surface
version used to support the high AOA envelope de&"atives. Second, locally linearized derivatives
expansion and served as the basis for all of the determined from flight data had to be converted into
flight-based aerodynamic updates. The range of total delta pitching moments in order to be applied to
validity of the AERO9B model is shown in Table Cl. the update model. The process required a trial and error
See Reference 6 for details of the AERO9B model and approach.
the updates.

During the initial envelope expansion, only
A method to update the nonlinear predicted model pitching moment variations with A.OA were modeled.

with flight data was developed. A point by point update This allowed the flight trimmed surface positions to be
of the predicted model was not practical due to the size matched. Later, these pitching moment deltas were
and complexity of the AERO9B model. The method expanded to obtain a better balance between control
developed used the addition of flight derived power, basic pitching moment and static instability
aerodynamic increments 'deltas) to the predicted total (Cm8c, Cmo, and Cmcc, respectively).
force and moment coefficients.

Model Format:
The update deltas, which were functions of Mach

number, AOA, and surface position were applied in a The format of the longitudinal update model is
piece-wise iinear fashion by using multiple shown in Figure Cl. The update was applied after the
breakpoints. Breakpoints were functions of angle of predicted aerodynamics were computed at the wind
attack, angle of sideslip, and surface position. This tunnel reference cg of 454 inches.
method allowed the basic nonlinearities of the
predicted data base to be preserved. Data Analysis:

The predicted nonlinear model was used to A FORTRAN program was developed which
determine the predicted aerodynamics at the flight test computed the total predicted force and moment
conditions (Mach number, pressure altitude, dynamic coefficients by driving the predicted aerodynamic
pressure, cg, AOA, sideslip, surface positions, etc.). model with appropriate flight measured inputs (Mach
Plots of predicted total coefficients at flight test number, AOA, sideslip, surface positions etc.). The
conditions served as the starting point for calculating resultant predicted data were compared to the flight
the deltas between the predicted and flight computed total force and moment coefficients (see
aerodynamics. The final model was updated to the Appendix E)todetermine regions of majordifference.
limits of the flight data. Beyond this point predicted A simplified engine model was used to subtract thrust
trends in the predicted model were followed. See and ram drag effects from the flight data. The pitching
Reference 6 for a complete listing of the FORTRAN moment due to ram drag was large at high angles of
code and for the final values of the aero deltas. attack ano ,;ould not be ignored (see Figure C2). The

total coefficient matching method along with tracking
The longitudinal and lateral-directional update trimmed surface positions were the primary

models had different formats. The basic format of each
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longitudinal aerodynamic analysis tools used to Both ACmc. and ACm8c had to be manipulated
expand the flight envelope, simultaneously. Since changing ACm8c (which was a

function of M, co, and 8) would also effect the local
Additional analysis of both slow and fast pitch Cmct results, an iterative process involving

doublets and stick pulses resulted in local linear (about comparison of local linearized derivatives, total
trim) longitudinal static stability and canard power. moment overplots, and l-g surface trims was used to
The strake and flap control powers were assumed to be define a solution The process was concluded when an
equal to their predicted values and the control power acceptable match with flight data was obtained from
delta was attributed to the canard. all three sources.

Update Process: Limitations and Deficiencies:

The procedure used to update the longitudinal The large intervals between canard position
aerodynamic model is outlined below. See Figure C3 breakpoints required extrapolating measured control
for a flowchart of the longitudinal update process. power deltas over ranges beyond their validity. This

made fine tuning of the model difficult and resulted in
A linearization routine used measured flight having to sacrifice good values at off trim conditions,

conditionsandsurfacepositionstodeterminepredicted in order to model the trim points accurately.
values of Cmoc and Cinc about trim. The total Inaccuracies occurred when the canard moved
coefficient matching method and pEst (Reference 7), a substantialiy away from its trimmed position.
parameter estimation program which utilized a
Modified Maximum Likelihood technique, were used The noimal force coefficient was not updated.
to analyze flight data and estimate local values of Cmct Pitching moment variations were included in the model
and Cmc which were then compared to the predicted as pure delta pitching moments. The moment
values (see Figures C4 and C5). increment when transferring across a cg range used the

predicted normal force. Morment variations due to
The variation in total pitching moment coefficient differences between predict.d and flight normal force

with AOA term (ACni[M,c]) in the update model had were not accounted for. The model included lift and
breakpoints at every 5 degrees angle of attack. A value drag coefficient updates which were not transferred to
of ACmot was chosen midway between the breakpoints normal or axial force coefficients. The model could be
(see Figure C4) and was applied to the 5-degree AOA improved by the addition of the appropriate normal and
interval in order to evaluate a total change in pitching axial force coefficient deltas.
moment coefficient (ACm) at the next breakpoint. An
example of the results are shown in Figure C6. LATERAL-DIRECTIONAL UPDATES

The ACM8c(M,,8c) in the update model had General:
breakpoints at every 5 degrees AOA and also had
separate tables for each canard breakpoint (-60, -40, Piece-wise linear deltas between flight and
-20, 7zero degrees). This complicated determining a prediction were used to update the nonlinear
ACm forthe canard breakpoints. Local lineardata were lateral-directional model. The deltas were functions of
usually derived at trim conditions which were well Mach number, angle of attack, angle ofsideslip, aileron
away from the canard breakpoints. The longitudinal deflection, and rudder deflection. Appropriate
parameters were also nonlinear with canard position. breakpoints for each independent variable were
For a given AOA, the ACm c was applied at the trim required to add the deltas in a piece-wise linear fashion.
canard position on a total Cm versus 5c plot, and the
slope was extrapolated to the nearest canard An early version of the update model used deltas
breakpoints. The totalACm was the difference between which were functions of Mach number, angle of attack,
the new Cm and the predicted value at the canard and surface position with two fixed breakpoints for
breakpoints (see Figure C). The large gap between the sideslip and aileron deflection and one fixed
canard breakpoints and nonlinearities introduced breakpoint for rudder deflection. Additional
errors from extrapolating over large canard ranges. breakpoints for sideslip and aileron deflection at every
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5 degrees AOA were added later to model the high reduced quality often required multiple repeats of the
degree of nonlinearity. The sideslip breakpoints were maneuvers to obtain reasonable data.
expanded into positive and negative values to account
for the asymmetries in both in the predicted model and The linear derivative data were used to define an
in the flight test results. Breakpoints were also added initial nonlinear update. The update was generated to
so that the total roll and yaw moment coefficients (CI match the results to the limits of the linear flight data.
and Cn, respectively) would have separate sets of The trend indicated by the flight data was extrapolated
sideslip breakpoints, to larger sideslips and surface deflections beyond the

predicted trends with the independent variable in
Model Format: question. The extrapolated nonlinear update was

modified as more flight data became available from
The final format for updating the Cl and Cn larger amplitude maneuvers, which involved time

equations involved table lookups with four sideslip history matching of wings level sideslips, aileron, and
breakpoints (two for positive and two for negative rudder rolls through batch simulations using both the
sideslip) each. This allowed application of a six slope predicted and flight updated aerodynamic models.
correction to predicted values of Cn and CI with
sideslip at a given angle of attack. Two aileron position Update Process:
breakpoints allowed a three slope correction at a given
angle of attack. The noniinearity of rudder control The processes used to update each separate
power with deflection was not strong and a single coefficient were similar. An explanation of how Cn
rudder position breakpoint was sufficient. was modified with sideslip will be used to detail the

updated process.
Early versions of the update model only used AOA

and Mach number as breakpoints for the roll damping Analysis using pEst produced linearized flight
update (ACIp). The update model was latermodified to values of Cn3 about zero sideslip. These values were
include three sideslip values for ACIp at each AOA. compared to the predicted data in order to evaluate the
Thiswasrequiredformodelingwingrockanddynamic differences and develop deltas (ACno). Figure C9
maneuvers. illustrates the determination of ACn3. The local ACnP3

was applied to the total predicted Cn versus sideslip
The final format for the lateral-directional update plot at zero sideslip and extrapolated to highersideslips

model is shown in Figure C8. by following the predicted trends. The ACn between
predicted and the updated model was then plotted

Data Analysis: versus sideslip. The ACnP and sideslip beakpoints
were determined from this plot as shown in Figure C10.

Total coefficient, linear pEst results, and hand The updated model was then evaluated against flight
computation methods weme used to d ternine control maneuvers run through a batch simulation.
power derivatives from lateral stick awd rudder pedal Comparison of the simulated and actual flight
pulses for both sma. andlarge amplitude inputs. Hand dynamics was used to refine the model in an iterative
computations of total moment coefficients with surface process.
deflection aided in determining the nonlinear control
power with deflection. Linear pEst results would only Several versions of the batch simulation were used
give an average control power over the deflection to accomplish the matching:
range. Hand computations provided a total moment
produced by a given deflection. Version 1:

Initial stability derivatives (Cno3, CI13, and Clp) full 6 degrees-of-freedom (DOF)
were determined from lateral-directional doublets
using linear results from pEst. Lateral-directional nonlinear aerodynamic model
stability and control derivatives were obtained to
approximately 45 degrees AOA using pEst and other closed loop, flight control system (FCS) in the
methods. The quality of the data reduced above 35 loop
degrees AOA as dynamic pressure became low. The
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Version 2: nonlinearities and asymmetries. This resulted in
distortions of the nonlinearity of the predicted model

variable DOF (lateral or directional or and was solved by increasing the number of
lateral-directional) breakpoints for parameter updates. The need for

multiple beakpoints and piece-wise linear update of
nonlinear aerodynamic model the nonlinear model is demonstrated in Figure CI 1.

The predicted and final updated values for total Cn
open loop, FCS out of the loop versus sideslip at 30 degrees AOA using multiple

ACnp and sideslip breakpoints are compared to the
flight values in longitudinal axis result where a single ACnP was used in !he update

model. The single linear ACnp provided erroneous
flight values in appropriate lateral-directional axis results. The initial low sideslip ACnP was correct, but

the deltas changed with sideslip and, using the single
biases added to integrated values (p, r, 3) value, no longer provided acceptable simulated flight

dynamics time history matches. The number of

Version 3: breakpoints required was proportional to the degree of
nonlinearity in both the predicted and flight updated

3 DOF lateral-directional simulation (p, r, P3) models.

nonlinear aerodynamic model AEROMODEL VALIDATION

closed loop, lateral-directional FCS in the loop Longitudi al Aerodynamics:

flight values in longitudinal axis The updated longitudinal aerodynamics were
validated through three primary methods:

The full 6 DOF simulation (Version 1) was rarely
used because the simulation would not remain on 1. Comparisons of the trimmed surfazL positions
condition long enough to extract any useful from the real time sinulator using both the updated and 0
information. Version 2 allowed the true airframe predicted aerodynamic models with trim values from
lateral-directional axis to be analyzed without the FCS flight. A comparison of flight and updated simulation
in the loop. However, above 20 degrees AOA, the trim surface positions can be found in Appendix B
unstable roll damping required the stabilizing (Figures B12 and B13) and the Test and Evaluation
influence of the control system to prevent divergences. sectic i (Figure 11).
The Version 3 simulation solved this problem by
including the lateral-directional FCS in the loop but 2. Comparison of linearized coefficients about
used flight measured longitudinal states for the trim conditions using updated aerodynamic model and
equations of motion. The addition of the FCS in the the fightdeterminedvalue from pEstlinearparameter
loop added the surface positions as matching states. estimation. Plots of the linear model and flight

estimated derivatives can be found in Appendix B
Variations to other lateral-directional parameters (Figure B 1).

were made in a similar fashion and incorporated ir:o
the updated model. Time history matching of larger 3. Total moment coefficient overplots between
amplitude maneuvers using the Version 3 simulation the flight values and the updated model. Figures C12
was then used to modify the update model to obtain through C14 show some of these results for various
acceptable matches. As a final step, quantitative and pitch doublets, a windup turn, and a l-g pitch-up to 55
qualitative data were obtained in the real time simulator degrees AOA.
with the updated aero model.

The surface trims, linear coefficient comparisons,
Limitations and Deficiencies: and the total moment matches using the updated

longitudinal model generally matched flight better than
The major drawback with early versions of the the original model below 40 degrees AOA. Above 40

lateral-directional update model was the lack of degrees AOA, the model was not conservative since it
sufficient breakpoints to correctly model the has a greater nosedown recovery capability than was

0
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encountered in flight, but was usually closer to flight flight results better than when the predicted
than the predicted model. The fidelity of the flight aerodynamics were used.
updated model could have been improved by
increasing the number of canard breakpoints and more A matching problem betweer, the batch and
in depth balancing of Cma and Cm&. updated real-time simulation was encountered when

trying to match wing rock characteristics. Roll
Lateral-Directional Aerodynamics: damping derivatives generated to match batch

simulation wing rock did not provide acceptable real-
The updated lateral-directional aerodynamics time simulation characteristics. The real-time

were validated through two primary methods: simulation wing rock had a largermagnitude than both
flight or the batch simulation. Rolldamping derivatives

1. Real time simulator response characteristics of were adjusted to provide the best real-time simulation
sideslips and wing rock. Steady-state sideslip matches following initial development with the batch
comparisons between flight and the simulation using simulation. Time delays with the real-time simulation
the updated aerodynamic model are shown in were credited with the difference although full tests to
Appendix B (Figures B 18 through B24). verify this were not accomplished.

2. Version 3 lateral-directional batch simulation Conclusion:
flight dynamics comparisons between flight data,
predicted and updated aerodynamics. Examples of The updated aerodynamics produced responses
representative time history overplots comparing flight that were more characteristic of the observed flight
to predicted and updated simulation are shown in responses than did the predicted aero-model. This was
Figures C15 through C21. Included are stabilized supported by several analysis methods including a
points, aileron and rudder rolls, and wings level large number of batch simulation overplots and real-
sideslips at varioels angles of attack and airspeeds. time simulation studies using the updated aero and

covering the range of angle of attack, sideslip, and
The real time and batch simulation results showed airspeed tested.

that the updated lateral-directional model matched
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Table C1 AERO9B Validity Range

Mach Number Region

0.0 - 0.6M 0.6 - 0.9M 0.9 - 2.OM

Angle of Attack -500 to 900 -40 to 400 -40 to 240
Range

Angle of Sideslip -300 to 300 -200 to 200 -160 to 160
Range

Canard Range -600 to 300 -300 to 200 -30o to 200

Flaperon Range -I00 to 250 -100 to 250 -100 to 250

Strake Range -300 to 300 -300 to 300 -300 to 300

Aileron Range -17.50 to 17.50 -17.50 to 17.50 -17.50 to 17.50

Rudder Range -300 to 300 -30- to 300 -300 to 300

Cj : Cipredicted + ACj(M,a) + ACj(M,a,Sc) + ACj(M,a,8f) +

ACj(M,a,Bs) + ACj(M,ct)qc/2Vt

for Cj = Cm, CL, CD

range for the ACj: 0 < a < 90 A = 5 degrees

M = 0.0, 0.6, 0.8, 0.9

breakpoints:

8c: -60, -40, -20, 0

8f: -10, 0, 10, 20, 30

8s: -30, 0, 30

Figure CI Longitudinal Update Model Format
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Figure C3 Longitudinal Aero Model Update Procesb 0
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Figure C4 Comparson of Flight to Predicted Data to Determine
the Change In Static Longitudinat Stability
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Figure C5 Comparison of Flight to Predicted Data to Determine
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Figure C6 RC3uits From Converting Delta Pitching Moment
Slopes Into Total Delta Pitching Moments
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For a given angle of attack:

A Predicted Cm at trim canard

O Predicted Cm at canard break pts

* Updated Cm at canard break pts

N, ti M -

0 -5 -10 15 -20-25 -30 -35 -40

1trim canard II
break pt break pt break pt

CANARD POSITION (DEG)

The updated Cm. values were calculated as follows:

r~m2 - Cm.

CM1'=CM - 20 - 3m& -X-

Cmz = Cmtim+ [Cm 2 -Cml - ACM 8j * X

Cm3 = Cm2 + [C 3 2  -Am]*2

And the ACm values were the difference between
the updated and the predicted coefficients:

ACm, = Cm r - Cm, ACm2= Cml - Cm]2 ACm3 = CX Cm3

Figure 07 Conversion of Canard Power Deltas
Into Total Moment Coefficients
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Cj CJbas + ACJo(M, ) + ACj(M,a,P) + ACj(M,a,5a) +

ACj(M,a,8r) + ACJp(M,,)Pb/2Vt + ACJr(M,GC)rb/2Vt

where Cj = Cl, Cn, Cy

and ACJ(M,a,p) = (ACjp * PB1 + ACJP 2 * (PB2 - PB,) +

ACjP3 ( 4: - PB2 )] sign

for breakpoints B1,I PB2, and PB3

ACJ(M,L,8a) and ACj(M,a,br) were similar but used their

r,'spective breakpoints.

range for the ACj 0 < a < 90 A = 5 degrees

M = 0.0, 0.6, 0.8, 0.9

sideslip breakpoints:

Cn and Cy: PBIR(a), PB2R(a), PBlL(z), PB2L(a)

Cl: PBlR (a), P B2R(a), PBIL(), PB2 L(U)
CIp: PB1 = 0, PB2 = 2, PB3 = 10

where R is right or positive and

L is left or negative

0 < a < 90 A = 5 degrees

aileron breakpoints : 8aI (a), 8a2 (a)

where 0 < Cc < 90 A = 5 degrees

rudder breakpoint : Sr = 15 degrees

Figure C8 Lateral-Directional Model Update Format
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O AWn FROM FIGURE C9 SLOPE IS

- FAIRING OF DATA POINTS &Cn3

Ui) -4U

SLOPE IS Pbr2

SLOPE IS

Pbrl 
ACnP2

0 1 2 3 4 5 6 7 8 9 10

ANGLE OF SIDESLIP (DEG)

Figure CIO Determining the Piece-wise Linear Static Directional
Stability and Appropriate Breakpoints
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Figure Cli Example of the Effects of Insufficient Breakpoints0
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Figure C13 Comparison of Total Pitching Moment Coefficient
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Figure C16 Batch Simulation Comparison of a 1-G, 40 Degree
AOA Full Stick Aileron Roll (Continued)
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* FLIGHT CONTROL SYSTEM DESCRIPTION

GENERAL

This section covers modifications to the X-29 modified for high AOA flight research. The AR mode
flight control system (FCS) for high angle-of-attack was not modified.
(AOA) research. Software and limited hardware
modifications were made prior to flight test and during The ND mode was separated into several
the program. This is a functional overview of the high submodes:
AOA system and is not intended as complete
documentation. Reference 3 contains the high AOA 1. Normal digital/automatic camber control
software and gain descriptions in detail and Reference (ND/ACC)
2 contains a full functional overview of the general low
AOA control system flown to 20 degrees AOA. 2. Normal digital/manual camber control

(ND/MCC)
The modifications described pertain to

BLOCKIX-AA, BLOCKIX-AA01 and BLOCKIX- 3. Normal digital/power approach (ND/PA)
AA02 software releases for high AOA research with
the X-29 USAF S/N 820049 aircraft. The BLOCKIX The ND/ACC had an additional submode for high
software release series used the low AOA AOA operation called "NORMHI" which eliminated
BLOCKVIII-AD release as a baseline for the surface reasonableness test. Both the ND/ACC and
modification. The original BLOCKIX-AA software theND/MCCmudescontainedhighAOAcontrol laws
release was validated and verified (V and V) to 0.6 above 10 degrees AOA, although the ND/MCC mode
Mach number up to the full AOA capability of the was not V and V or tested at high AOA. The ND/PA
aircraft. The BLOCKIX-AA01 release contained a full mode was not modified from the BLOCKVIII-AD low
8-g longitudinal command capability and was AOA releae.
implemented as a result of flight test results. The
BLOCKIX-AA02 release contained lowered roll rate The ND/ACC mode was the primary up-and-away
feedback gains, a roll notch filter, and modified (UA) flight mode. Basic stabilization and aircraft
variable gain ("dial-a-gain") for increasing lateral and response were controlled by this mode. In addition a
aileron-to-rudder interconnect (ARI) command gains slow trimming feature, the automatic camber control
for research. The release also contained an analog roll (ACC), was incorporated which provided
axis simple notch filter, and Redundancy Management predetermined canard trim positions as a function of
modifications. The BLOCKIX-AA02 release was V flight condition. For hig' AOA the canard trim was
and V to 0.8 Mach number and the full AOA capability determined to maximize lift coefficient.
of the aircraft.

The ND/MCC mode was similar to ND/ACC with
Early on in the FCS design phase a decision was the exception that trim flaperon position was pilot

made to maintain the basic "low AOA" control laws selectable rather than automatically selected to
(-10 degrees) intact and to keep high AOA position the canard tim position.
modifications to a minimum. This was specified in
order to minimize design, envelope expansion, and V The AR mode was divided into two submodes:
and V efforts. As a result, the high AOA control law
modifications were faded in between 10 and 15 degrees 1. Analog reversion/up and away (ARUJA)
AOA. The system remained essentially unchanged
(with minor exceptions) from BLOCKVIII-AD below 2. Analog reversion/power approach (AR/PA)
10 degrees AOA. Above 15 degrees AOA, the high
AOA control laws and modifications were functional. The AR mode was a simple minimal sensor and

gain system. The longitudinal forward loop gain war
FLIGHT CONTROL SYSTEM MODES scheduled with impact pressure (qci) while all other

gains remained fixed. The AR mode was designed as
The two primary FCS modes were normal digital

(ND) and analog reversion (AR). The ND mode was
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a last resort "get home" back-up mode and was not 6. Elimination of Euler Angle use above 15
modified for high AOA flight due to limited available degrees AOA
space on the circuitry cards. The AR mode was
considered unacceptable at high AOA and was not 7. Deactivation of the Euler Angle analytic
flight tested. The AR/PA mode was a fixed gain system monitor above 20 degrees AOA
minimal sensor system designed for take off and
landing. AOA Redundancy Management:

REDUNDANCY MANAGEMENT Additional vanes were added to the noseboom to
provide adequate triplex redundancy in AOA. The

General: original side fuselage mounted vanes had inadequate
range and accuracy to provide signal selection or fault

Redundancy management (RM) was provided by detection capability.
triplex sensor assemblies and the flight control
computers (FCC). Mid-value selection signal voting Midvalue selection of AOA was used when no
and fault detection were used for the digital modes and failure states were detected. A trip level of 5 degrees
pure mid-value selection was used for the analog was used to isolate faulty signals. After a single failure
modes. Failure detection was provided within the the average of the remaining signals was used.
digital modes. The analog modes relied on midvalue Detection of a second failure (miscompare of two
selection of signals for failure detection. The digital remaining vanes) caused AOA to be ramped to zero at
modes were designed to be fail operational for initial a rate of 10 degrees per second.
failures and fail safe for additional failures. Multiple
failures could result in automatic downmodes to the Provisions for upwash calibration were included.
AR mode. Reference 3 contains a basic signal flow, Corrections for induced angles due to pitch and roll
fault detection and isolation description. rates were not included.

Several modifications were required in both the Air Data Redundancy Management:
RM logic and associated sensor suites for high AOA
flight. These modifications were made to account for The original air data fault reaction remained
increased FCS reliance on AOA, pitot probe accuracy unchanged below 15 degrees AOA. The first two high
at high AOA and fcr the single string Euler Angle data AOA software releases (BLOCKIX-AA and
from the attitude heading reference system (AHRS). BLOCKIX-AAOI) modified the system to use only
The modifications in RM and sensor capability total and static pressure from the noseboom above 15
include: degrees AOA. A local monitor of analog and digital

noseboom indicated qci was used to detect sensor
t. Addition of tr.plex noseboom AOA vanes failures. If a miscompare above 0.5 inch of mercury

was detected, default values of total and static pressure
2. Triplex monitoring, signal selection and failure were used. The default values for the first two software

detection of AOA release corresponded to 0.4 Mach number at 30,000
feet pressure altitude.

3. Sole use of noseboom total and static pressure
above 15 degrees AOA (Later modified to 40 degrees The AOA for single string noseboom air data use
AOAforBLOCKIX-AA02) was changed to 40 degrees AOA for the

BLOCKIX-AA02 software release based on flight test
4. Monitoring of noseboom analog and digital results from the initial envelope expansion to 67

impact pressure for fault detection and backup gain degrees AOA. In addition, the default air data total and
selection above AOA for activation of single string static pressure values were modified to a 0.6 Mach
noseboom air data (15 degrees for BLOCKIX-AA, number at 30,000 feet pressure altitude to handle the
AAO I and 40 degrees for BLOCKIX-AA02) increased airspeed range for this release.

5. Deactivation of the surface reasonableness test Normal signal selection and fault reaction using
for automatic downmode to AR (NORMHI) the fuselage mounted side pitot probes was disabled
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above the activation AQA. The side mounted probes CONTROL LAWS
were considered to be potentially prone to early stall at
high AOA. Subsequent flight testing indicated that the Architectural Fading:
errors between the noseboom and side probes were
well within trip levels to 40 degrees AOA and the Design requirements leaving the basic low AOA
appropriate modification to the software was made (10 degrees) control laws intact necessitated the design
with the BLOCKIX-AA02 release. of logic to fade in the new architecture. This was

accomplished by defining variables which fade from
Reasonableness Test Inhibit: zero to 1 between 10 and 15 degrees AOA. Angle-

of-attack gain scheduling at 10, 15 and 40 degrees
The X-29 control laws contained a digital surface AOA was also used. The break between 10 and 15

command reasonableness test which compared surface degrees was used to fade lateral gains K3, K4, K 14 and
rate commands with pre-established limits. If the K18 (stability axis yaw rate to aileron, lateral load
command exceeded the limit it was held at the limit and factor [Ny] to aileron, rudder-to-aileron interconnect
if exceeded for more than 0.05 second, an automatic [RAI] gain and Ny to rudder, respectively) to zero.
downmode to the AR occurred.

The low AOA control laws contain a variable
During the control law design phase, it was (BLEND) which blended in the full envelope

determined that the reasonable test could cause architecture above 0.6 Mach number and 30,M4A, feet
downmodes to AR during departures, spins, pressure altitude. The BLEND function was modified
recoveries, or hard maneuvering. Downmode to AR to add a !9 to 15 degree AOA band for activation
was not desirable at high AOA, particularly during (BLENDA). Two additional blending variables were
potential out of control conditions. A submode of defined:
ND/ACC known as "NORMHI" was defined which
was identical to ND/ACC, but eliminated the automatic a. HABLND=l.0-BLENDA
downmode to AR. The digital command rate limiting
was maintained. The mode was pilot selectable through b. BLENDB which varies from zero to I
aFCS panel switch. The mode wasentered priortohigh between 15 and 20 degrees AOA
AOA maneuver entry. The basic ND/ACC mode was
left intact for use at low AOA. Longitudinal ND/ACC and

NORMHI:
AHRS Monitor Lockout:

FiguresDl andD2 present the longitudinal control
The X-29 used a single string Litton LR-80 AHRS law block diagrams above 15 degrees AOA, after the

to provide roll and pitch Euler angles to the control lading process had been implemented. Reference 3
laws. The signals were used in the longitudinal contains a full description of the fading process.
command path and the estimated sideslip rate to the
rudder. The X-29 longitudinal control laws were generally

termed an incremental normal load factor command
The AHRS monitor provided a degree of analytic system, which was equivalent to a gravity vector

redundancy through integration of body axis rates and compensated pitch rate command system.
subsequent comparisons to the AHRS information. Commanded incremental normal load factor was
The integration routines were approximadons and converted to a pitch rate command which was summed
operated only between ±60 degrees pitch attitude. The with a combined normal load factor, pitch rate, and
monitor was considered inaccurate during potentially estimated pitch acceleration signal to produce an error
large i..titude changes and high rates at high AOA. Use signal., The error signal was passed through a
of Euler angles for the control laws at high AOA was proportional plus integral filter to generate the canard
rejected due to the single string nature of the AHRS command signal. Symmetric flaperon and strake
and the potential inaccurate analytic monitor. The commands were generated with constant gains (-0.3
monitor was subsequently bypassed (but still updated) and -0.7, respectively) from the canard command.
above 15 degrees AOA where the Euler angles were These provided the command and stabilization
no longer used in the control laws. capability of the system.
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A slow trimming mode ACC was incorporated to a first order low pass filter to prevent potential
provide predetermined canard trim scheduling through aeroservoelastic coupling.
integration of a canard trim error signal to the
symmetric flaperon and strake. The integrated error Lateral-Directional ND/ACC and
signal commanded flaperon position until saturation NORMHI:
(21.5 degrees trailing-edge-down for BLOCKIX
releases) and then the integration was transferred to the The low AOA control laws commanded pure roll
strake. The high AOA canard schedule was designed rate and rudderposition. Nonlinear lateral stick gearing
to maximize trim lift coefficient. The mode was rate of stick position commanded roll rate which was then
limited to 10 degrees per second and was fully combined with roll rate, side force, and a washed-out
implemented only during steady-state maneuvering or estimated sideslip rate feedback to provide an error
trims. signal. The error signal was passed through a

proportional p!us integral filter to command aileron
Minor modifications to the original longitudinal (differential full span flaperon). A RAI was

control laws from the BLOCKVII-AD design were incorporated into the lateral command to input aileron
required for high AOA: with rdder pedal input. Rudder input was commanded

from rudder pedal position combined with an ARI
1. Negative AOA limiting (AOA limit = -10.0 signal from the lateral stick. The command was

degrees) combined with a washed yaw rate (estimated sideslip
rate above 0.6 Mach number or 30,000 feet pressure

2. Negative load factor limiting (Nz limit = -1.0 g) altitude) and sideforce to provide commanded rudder
position.

3. Weak AOA feedback in place of speed stability
Significant modifications to the lateral-directional

4. Elimination of Euler angle gravity vector control laws above 15 degrees AOA were required to
compensation to the command path. provide adequate stability and control:

5. Change the symmetric flaperon saturation limit 1. Linear lateral command gearing was
from 24.75 to 21.5 degrees trailing edge down (TED). substituted in place of nonlinear gearing

Gain scheduling with AOA was not required in the 2. The lateral integrator was removed
pitch axis.

3. Series gains with the same independent
Basic operation of the longitudinal control laws variables were collapsed to constants, and a single

was the same as the low AOA system with the minor varying gain
modifications noted. The largest modification was the
change to a pure pitch rate command system above 15 4. Feedback paths were simplified to minimal
degrees AOA. A pure pitch rate command system will required signals
provide varying normal load tactorat a given flight and
stick command condition as a function of aircraft 5. The RAI was eliminated
attitude. The removal of gravity vector compensation
provided the change fror incremental normal load 6. The washed-out sideslip rate was modified to a
factor to apitch rate command system and also changed washed out stability axis yaw rate (R-0.8*P(a)) and
the Nz-Cos(theta) to a Nz-l.0 feedback. added to the rudder at all airspeeds above 15 degrees

AOA
Speed stability ,as blended to a weak AOA

feedback with a constant gain between 10 and 15 7. A parallel washed-out path to the ARI was
degrees AOA. Angle of attack was processed through added in addition to a direct path
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8. Euler angle compensation was eliminated single gain (K 13), and fade the other gains (PMAX and
KP3) to constants. The values of the constants were

9. Gains were heavily scheduled with AOA selected to minimize the magnitude of the change from
the scheduled values.

10. Spin prevention logic was provided
The rudder command path remained unmodified.

Figure D3 presents the architecture of the The RAI was removed between 10 and 15 degrees
ND/ACC lateral directional control laws above 15 AOA. Large values of stable dihedral effect made the
degrees AOA. Figure D4 shows the operation of the RAI loop unnecessary. The RAIprovided aileroninthe
spin prevention logic, same direction as rudder pedal input to compensate for

low dihedral effect at low AOA. This was an
The original nonlinear lateral gearing and undesirable characteristic and not required at high

command (PC2) was modified to a pure linear AOA. The dihedral effect for AOA above 10 degrees
command gradient above 15 degrees AOA. Lateral was sufficient to provide rudder roll cpability without
command authority was directly proportional to 3tick aid of the ailerons. In addition, an RAI would fight
displacement. A first order lag filter which was recovery control inputs from an inadvertent departure
operational for the low speed portion of the low AOA or spin.
control laws was extended to all AOAs above 15
degrees. The ARI was modified with an additional

washed-out parallel path. The parallel path applied
The low AOA lateral command gain maximum double rudder commands at the initiation or

roll rate command (PMAX) was faded to a constant termination of a step aileron input. The command was
value of 180. The nonlinear portion of the low AOA then washed-out to the direct path value. Simulation
command gain was faded to zero above 15 degrees. indicated that the required ARI gain to initially prevent
The lateral gearing gain (K13) was modified to use adverse sideslip generation was higher than that
AOA break points of 10, 15 and 40 degrees. required for steady velocity vector roll maneuvers due

to propelling aerodynamic yaw and roll damping. The
The summed feedback signals and pilot command washed-out ARI gain also helped to overcome

were passed through a constant gain (KP3) to produce rotational inertia and to compensate for the high yaw
the aileron command signal. The lateral integrator gain to roll inertia (Izzflxx= 10.0) during roll reversals.
and its residual state were faded to zero above 15 Modificationofthe rudderrequirementsduring steady-
degrees AOA. The proportional gain (KP3) was faded state velocity vector rolls could also be achieved with
to a constant of 0.1 above 15 degrees AOA. increasing the stability axis yaw rate gain (K17). This

was an undesirable solution since high stability axis
The integrator was removed to reduce aileron yaw rate feed back gains also increased autoroll

position saturation tendencies at high AOA. Saturation sus(,eptibility. The washed-out ARI parallel path
of the aileron via integration of a roll rate command solved the trade off and also provided increased
error signal could produce severe roll coordination and coordination during rapid roll reversals.
potential spin entry problems.

Side force to both the aileron and rudder (K4 and
Constant values of PMAX and KP3 were required K18) as well as washed-out stability axis yaw rate to

to avoid problems with multiplying series table look up the aileron (K3) were faded to zero above 15 degrees
gains which were functions of the same independent AOA. The feedbacks were not required and added
variable. The total gain achieved through the unnecessary complexity to the system.
multiplication was a linear combination only at
common break points. Gain values between break Roll rate feedback to the aileron (K2) was gain
points were a polynomial function of the independent scheduled at 10, 15 and 40 degrees AOA. High gain
variables.Theorderofthepolynomialwasequaltothe values were required to stabilize the undamped
number of series gains multiplied together. The aerodynamic wing rock. Analysis determined that a
phenomena resulted in gain values significantly -0.6 deg/deg/s was the maximum allowable value for
(lifferent than those anticipated when at conditions in K2. Higher values could make the system susceptible
between break points. The solution was to collapse the to high frequency lateral limit cycles due to actuator
series gains with common independent variables to a nonlinearities. Table lookup values for K2 were
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significantly higher than the limit. The table value of provided full surface authority inputs by 30 degrees per
K2 was looked up and then limited in software to -0.6 se.:ond yaw rate with neutral lateral stick or rudder 0
if necessary. This method was used to maintain the pedal.
highest possible slope of gain increase with AOA prior
to reachi ig the limit. Simply placing the maximum CONTROL LAW MODIFICATIONS
allowable value in the 40 degree AOA table lowered DURING THE PROGRAM
the slope with AOA and made the aircraft susceptible
to wing rock onset below 30 degrees AOA. The K2 General:
gain was a factor of 10 higher in the tables than was
necessary since it was subsequently multiplied by the Two FCS upgrades from the original
constant KP3 gain of 0.1. BLOCKIX-AA control law release were made during

the test program. Modifications were made based on
The low AOA control laws used a washed out flight test results and to increase the airspeed envelope

sideslip rate estimator ([R-P(c) + ((g/v)* (Cos(theta) beond 0.6 Mach number.
*Sin(phi)-Ny )])to the rudder above 0.6 Mach number
or above 30,000 feet pressure altitude (see Reference BLOCKIX-AA01 Release:
3) A modified feedback gain .'R- 0.8*P(a)) without the
gravity vector terms and with a scale factor on the roll The BLOCKIX-AA01 release increased the
rate term was defined for high AOA. The deletion of longitudinal command gain maximum normal load
the gravity vector and sides force terms modified the factor command (GMAX) from a 6.4- to an 8-g
feedback from a sideslip rate estimator to a stability incremental load factor command above
axis yaw rate The 0.8 factor was added to approximate approximately 350 KCAS and doubled the low speed
the Sin(a) term in the equations of motion. The gain (below approximately 200 KCAS) command to 2 g's.
(K17) was scheduled at 10, 15 and 40 degrees AOA. Modificationsweren adewhenit became apparent that
The feedback was removed above 55 degrees AOA the original commands were insufficient to provide
(RFOUT). The rudder was ineffective in this region adequate maneuvering capability beyond
and the feedback interfered with spin prevention logic, approximately 120 KCAS.

Spin prevention logic was added to provide full BLOCKIX-AA02 Release:
antispin inputs (luring an incipient spin. The logic was
activated above 40 degrees AOA (later modified to 50 The BLOCKIX-AA02 release contained
degrees with the BLOCKIX-AA02 software) and significant modifications to allow envelope expansion
above 2 degrees per second yaw rate. The logic was beyond 0.6 Mach number and to correct problems
activated at -25 degrees AOA for inverted spin entries. which were encountered during flight test.
A time fader (GAINSP 1) was activated upon the above
conditions which slewed to the full value of 1.0 in Tail buffet produced a 16-hertz roll rate command
0.125 second. Lowering the AOA or yaw rate below signal to the ailerons. The high gain feedbackamplified
the trigger value reversed the process. Once activated, the high frequency noise and produced actuator RM
the other parameters (XSPIN XSPINA=1.0- XSPIN) trips. An analog 16-hertz simple notch filter was added
were computed as a function of the absolute value of to the roll rate feedback and the FCS simplified
yaw rate. These parameters were used to fade out the actuator model rate limits were upgraded to the correct
roll rate feedback to the aileron, the ARI, and to value.
increase the pilot command authority. Roll rate
feedback was removed to prevent prospin inputs and The addition of the notch filter added phase lag to
the ARI was removed to avoid interference with anti- the roll axis which increased the susceptibility to high
spin pilot commands. The pilot command authority frequency oscillation or limit cycles. Flight test results
was sufficiently increased to completely override the indicated that the high roll rate feedback gains could
automatic inputs and reverse to full prospin if desired. be reduced from the original values due to beneficial

aerodynamic differences from predictions. The

The roll rate feedback and ARI fade out wcre addition of the notch filter required significant
accomplished by 10 degrees per second yaw rate. The reductions in the original roll rate feedback gains
automatic recovery commands to the aileron and beyond approximately 200 KCAS to provide adequate
rudder (XKRREC and XKYREC, respectively) high frequency stability margins. Roll feedback gains

O
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were reduced 10 to 30 percent depending on AOA and All three AOA releases contained the capability to
airspeed. Lowering the roll rate feedback gains also vary two gain combinations in flight (see Reference 3).
increased the steady-state stability axis roll rates by a The BLOCKIX-AA and BLOCKIX-AAOI releases
proportional amount. allowed increased and decreased ARI, K27, and roll

rate feedback K2, gains. The K2 decreases below 200

Flight tests indicated that the side pitot-probe KCAS used in the BLOCKIX-AA02 software were
errors from the noseboom were well within tolerances flight tested prior to implementation using this feature
up to 40 degrees AOA. The change to single string with the BLOCKIX-AAOI software. The
noseboom air data at 15 degrees AOA was expanded BLOCKIX-AA02 variable gains were modified to
to 40 degrees AOA. allow increases in the lateral command, K 13, and ARI,

K27, gains. Flight test results had indicated that

The spin prevention activation AOA was raised significant roll rate increases over the original design
from 40 to 50 degrees AOA to prevent aileron and may be possible and the variable gain combination was
rudder transients during maneuvers between 40 and 45 modified to allow quick evaluation of increased
degrees AOA. The beneficial aerodynamic differences capability.
allowed greater capability in this AOA region than was
originally predicted.
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* DATA ANALYSIS METHODS

AIR DATA

The X-29 noseboom had three angle-of-attack velocity and the three aircraft Euler angles. The
(AOA) vanes, asideslipvane, apitotprobe, andastatic velocity and attitude data provided by the INS were
pressure source (Figure El). The forward AOA vane used to compute AOA, sideslip, dynamic pressure, true
was used for postflight data analysis. The total airspeed, and Mach number. The INS was installed to
temperature probe was located on the underside of the provide more airspeed at high AOA while the
airplane just forward of the nosewheel. noseboom pitot probe was stalled. Accurate dynamic

pressure was needed to compute nondimensionalized
Static position error, noseboom bending force and moment coefficients and stability and control

corrections, and low AOA vane upwash corrections derivatives. The INS could also provided AOA and
were determined during the low AOA flight testing of sideslip data, although the primary source for AOA and
X-29 USAF S/N &20003 (the first X-29). The same sideslip were the corrected vane values. Figure E3
corrections were used during the X-29 high program presents the equations used to compute the air data
using the USAF SIN 820049 aircraft. Reference 9 from the INS.
presents the corrections used.

The velocity components provided in the INS
The total pressure port on the noseboom pitot internal axis system were rotated through the wander

probe provided total pressure below 30 degrees AOA. angle to obtain the ground-referenced velocity vector
Above 30 degrees AOA initial, the total pressure probe in the North-East-Down (N-E-D) axis system. The
stall was noted. The total pressure probe was wind velocity vector was computed in the N-E-D axis
completely stalled by approximately 55 degrees AOA. system and subtracted from the aircraft

ground-referenced velocity vector to obtain the true
Data from the heated total temperature probe were airspeed vector. The true airspeed vector was rotated

also affected by stall at high AOA and caused it to lose through the aircraft Euler angles to obtain the true
validity above about 30 degrees AOA. airspeed vectorinthe body axes. The components were

corrected for body-axis rates. Angle of attack and angle
True angle of attack was determined by applying of sideslip were trigonometric functions of the three

corrections to the nosebooms vane-indicated AOA for body axis true airspeed components. Mach number and
upwash, pitch rate, roll rate, and noseboom bending, dynamic pressure from the INS were computed using
Body-axis rate corrections to vane measured AOA and the position error corrected pressure altitude from the
sideslip were functions of the rates, cg position, and noseboom static port and tabled values of ambient
true airspeed. The equations were solved iteratively as temperature.
shown in Figure E2.

Wind was calculated while the X-29 was at low
Above 30 degrees AOA true airspeed from the AOA (below 20 degrees) using the noseboom AOA

noseboom was lower than the actual true airspeed, and sideslip vanes and pitot-static system. Wind was
which produced larger rate, corrections than were determined by the equations indicated in Figure E3.
appropriate. To alleviate this, the true airspeed Wind varied with altitude, time, and location. Atypical
associated with an equivalent airspeed of 90 knots X-29 high AOA maneuver would enter the high AOA
(approximate terminal airspeed for the X-29 above 45 region (above 20 degrees) at 40,000 feet and remain at
degrees AOA) was computed and used as a minimum high AOA while descending until recovery somewhere
true airspeed in the rate correction equations. If the above 17,000 feet. The "Wind Calibration in Climb"
noseboom true airspeed was less than the minimum (Reference 10) method was used to ensure that the
true airspeed, the minimum true airspeed was used. wind vector used to compute the basic INS parameters

was as accurate as possible. During the climb to the
INERTIAL NAVIGATION SYSTEM first high AOA maneuver of the flight, the wind vector

was computed while below 20 degrees AOA and stored
The X-29 high AOA program employed a Litton in a table as a function oi pressure altitude. The wind

LN-39 inertial navigation system (INS). The INS v"ctor was also computed prior to each high AOA
provided three components of ground-referenced maneuver. This updated wind vector was compated to
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the table value from the initial wind calibration climb ACCELERATIONS - FLIGHT PATH
at the same altitude. The difference was applied as a AXIS
constant correction to the original vector. The resulting
wind vector (table values of the original winds Measured body axis accelerations were
corrected with the updated difference) was used for the transformed to the flight path axis by the equations
computation of the INS parameters. The technique had presented in Figure E6.
the additional benefit of correcting for the accumulated
INS error. Static temperature was also calibrated AERODYNAMIC FORCE AND
during initial climb and stored in a table as a function MOMENT COEFFICIENTS
of altitude. An update was computed prior to each
maneuver entry in a similar fashion to the wind Body axis force and moment coefficients were
corrections. The corrected table lookup values for computed by nondimensionalizing the body axis linear
ambient temperature (table values of the original accelerations and the aerodynamic -omponents of
ambient temperature with updates) were used for the angular accelerations. Lift and drag coefficients were
computation of INS Mach number and dynamic computed using thrust and rant drag corrected flight
pressure. path accelerations. Two versions of each coefficient

were computed. The noseboom version used the
ANGULAR ACCELERATIONS - noseboom-indicated dynamic prissure, and the INS
BODY AXIS version used the INS-derived dynamic pressure. The

force and moment coefficient equations are presented
Flight instrumentation included a set of angular in Figure E7.

accelerometers. Aerodynamic components of angular
acceleration were computed by subtracting the inertial The pitching moment coefficient was corrected for
and engine gyroscopic components from the measured predicted inlet and thrust effects using the simplified
angular accelerations. Flight values of inertia were propulsion model. The correction equations are
used to compute moments. Figure E4 presents the presented in Figure E7.
computation of the inertial, engine, and aerodynamic
contributions of the angular accelerations. THRUST

ACCELERATIONS - BODY AXIS Thrust was computed using the General Electric
F404-GE-400 Engine Specification Model, GE

The measured body-axis accelerations were Program Number 80031A(U), August 1981. The
corrected from the fuselage location to the center of FORTRAN program was modified to read flight
gravity. Fine-scale and coarse-scale accelerations were measured parameters to compute steady state engine
combined to produce the final output parameters. The performance parameters. Flight measured parameters
fine-scale accelerations were used inside a input to the program were: power lever angle, Mach
predetermined threshold and the coarse measurements number, altitude, and ambient temperature. Parameters
outside the threshold. Figure E5 presents the thresholds output from the program were: gross thrust, net thrust,
and correction equations for the body axis ram drag, NI, N2, and air mass flow rate. The in-flight
accelerometers, thrust model from X-29 performance program

(Reference 9) was not used because internal engine
ANGULAR RATES - STABILITY AXIS parameters were not instrumented on the X-29 USAF

SIN 820049 aircraft. The specification model used was
Measured body axis angular rates were estimated to be accurate within 15percent.

transfonned to the stability axes with the equations
presented in Figure E6.
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SPECIFIC EXCESS POWER in a steady turn with small flight path angles. The

equations used the flight path normal acceleration

Specific excess power was computed using flight since large AOA was involved. The generally accepted
path acceleration and true airspeed. The INS value of use of body axis accelerations to compute turn rate and
true airspeed was used above 30 degrees AOA. The radius loses validity above 20 degrees AOA as small
specific excess energy was corrected to level flight angle approximation assumptions are violated. The
using the equations shown in Figure E8. computations for turn rate and radius are presented in

Figure E8.
TURN RATE AND TURN RADIUS

Turn! rate and turn radius were computed using the
standard computations which assume the airplane to be
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Figure E2 Rate Correction Equations
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FVyj = Ground-referenced velocity in internal INS axes
[VzJ (WA =INS wander angle)
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Figure E3 INS Computations
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Figure E4 Body AXIS Angular Accelerations0
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Parmee 1hresbold
Nx l0.8 g
Ny +0.8 g
Nz -1.0 to +3.0 g

CG Correction Equations:
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Figure E5 Body Axis Accelerations
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Figure E6 Stability Axis and Flight Path Axis Conversion Equations
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Thrust corrections:

Tnet =Tgrosscosat - Drn

AMthrust =Tgro ZcgZa 'r

Lx4 Xcg- Xinlej L=(Zinlet - ZC)

AM. &,,g =D4Lxsino+Lcos)

CM C =  AMUst+AMrS m drn

Clift= Nzf GW- Tross sina

Tgross cosa - Dram - Nxfp GW
is

Figure E7 Aerodynamic Coefficient Equations and Thrust Corrections
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Figure E8 Specific Excess Power, Turn Rate, and Turn Radius Equations
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*LIST OF ABBREVIATIONS AND SYMBOLS

Abbreviation or
Symbol Definition Units

AB afterburner

ACC automatic camber control --

A/D analog-to-digital

ADFRF Ames-Dryden Flight Research Facility

ADI attitude director indicator

ADPO Advanced Development Program Office

AFB Air Force Base

AFFTC Air Force Flight Test Center

AFR Air Force Regulation

AFWL Air Force Wright Laboratories

AHRS attitude heading reference system

AMAD aircraft mounted accessory drive ---

AOA angle of attack deg

AOS angle of sideslip deg

APU abrupt pullup ...

AR analog reversion

AR/PA analog reversion/power approach

AR/UA analog reversion/up-and-away

ARI aileron to rudder interconnect

ASE aeroservoelastic

ac alternating current

amp ampere(s)

BFM basic fighter maneuver

0
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LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

Abbreviation or
Symbo Definition Units

b wingspan in, ft

C Centigrade ---

CA axial force coefficient dimension-
less

CL lift coefficient

Cl rolling moment coefficient dimension-
less

ACI incremental change in C dimension-
less

Cip rulling moment coefficient due to
roll rate perrad

ACIp incremental change in Cip per rad

Cir rolling moment coefficient due to yaw rate per rad

CIP rolling moment coefficient due to angle of sideslip per deg

ACI3 incremental change in Cip per deg

Cl8a rolling moment coefficient due to differential
flaperon deflection per deg

AC18a incremental change in Cla ---

ClSr rolling moment coefficient due to rudder
deflection per deg

ACI8r incremental change in CI8r per deg

Cm pitching moment coefficient dimension-
less

ACM increment in Cm dimension-
less

Cmo pitching moment coefficient at zero angle dimension.

of attack less

Cmq pitching moment coefficient due to pitch rate per rad

3
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O LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

Abbreviation or
Symbo Definition Units

CmoC pitching moment coefficient due to

angle of attack per deg

ACmcL increment in Cma per deg

Cm&c pitching moment coefficient due to
canard deflection per deg

ACrec increment in Cm&: per deg

Cm~f pitching moment coefficient due to
symmetric flaperon deflection per deg

Cms pitching moment coefficient due to
strake flap deflection per deg

CN normal force coefficient ...

CNq normal force coefficient due to pitch rate per rad

CN normal force coefficient due to angle of attack per deg

CNc normal force coefficient due to canard deflection per deg

CN~f normal force coefficient due to symmetric
flaperon deflection per deg

CNs normal force coefficient due to
strake flap deflection per deg

Cn yawing moment coefficient dimension-
less

ACn incremental change in Cn dimension-
less

Cnp yawing moment coefficient due to roll rate per tad

Cnr yawing moment coefficient due to yaw rate per rad

Cno3 yawing moment coefficient due to angle
of sideslip per deg

ACnp incremental change in Cnp per deg

Cnodyn dynamic directional stability per deg
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LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

Abbreviation or
Symbol Definition Units

Cn8a yawing moment coefficient due to differential

flaperon deflection per deg

ACnsa incremental change in Cn8a per deg

Cn8r rolling moment coefficient due to
rudder deflection per deg

ACnr incremental change in Cn& per deg

Cyp side force coefficient due to angle of sideslip per deg

Cy8a side force coefficient due to differential
flaperon deflection per deg

Cy&r side force coefficient due to rudder deflection per deg

c mean aerodynamic chord in, ft

cg center of gravity in, ft,
pct MAC

Cos, Cos cosine ---

D/A digital-to-analog

DB data bus ---

DC canard position deg

DDP directional divergence parameter ---

DEG, deg degree(s) ---

DEL direct electrical link ---

DOD Department of Defense ---

DOF degree of freedom ---

DS strake flap position deg

dB, DB decibel(s) ---

dc direct current
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* LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

Abbreviation or
Symbol Definition Units

dps, deg/s degrees per second ...

EAS equivalent airspeed knots

ECS environmental control system -.-

EMI electromagnetic interference

EPU emergency power unit ---

F Fahrenheit ---

FCC flight control computers

FCF functional check flight ---

FCS flight control system ---

FLT flight

FS, F.S. fuselage station ---

FSW forward swept wing ---

FT., ft foot, feet ---

FWD forward ---

Flat lateral control stick force lb

Flon longitudinal control stick force lb

fps feet per second ---

Frp rudder pedal force lb

GAC Grumman Aircraft Corporation ---

GASD Grumman Aircraft Systems Division ---

GE General Electric ...

GMAX maximum normal load factor command g

GMIN minimum normal load factor command g
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LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

Abbreviation or
Symbol Definition Units

GW gross weight lb

GW/CG gross weight/center of gravity ---

g, G acceleration due to gravity 32.2 fps 2

gpm gallons per minute ---

HADS high accuracy digital sensor ---

Hc pressure altitude ft

HORIZ REF horizontal reference ---

HQ handling qualities

HQDT handling qualities during tracking

HUD head-up display

IAS integrated servo activators ---

IBIT initiated built-in-test

ID identification

IDG integrated drive generator

IN, in inch(es)

INS inertial navigation systn.

ISA integrated servo actuator(s)

ITB integrated test blocks ...

Ixx rolling moment of inertia slug-ft2

Ixz rolling-yawing produtl of inertia slug-ft2

lyy pitching moment of inertia slug-ft2

lzz yawing moment of inertia slug-ft2

KCAS knots calibrated airspeed

0
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* LIST OF ABBiREVIATIONS AND SYMBOLS (Continued)

Abbreviation or
Symbol Definition Units

KEAS knots equivalent airspeed ---

KIAS knots indicated arzepeed --

KTAS knots true airspeed ---

K13 lateral command gain ---

K27 ARI gain ---

kt knot(s) ---

kVA kilovoltamperes ---

L left ---

LAT lateral ---

LB, lb pound(s) ---

L 3- leading edge

LMH lefihand ---

LVDT linear variable differential
transformer ---

LWD left wing down ---

M total pitching moment ft-lbs

AM increment in total pitching moment ft-lbs

MAC mean aerodynamic chord in, RI

MAX maximum ---

MCC manual camber control ---

MIL military ---

MIL SPEC military specification ---

MMLE modified maximum likelinood estimation ---

lAVL mean valet logic
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LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

Abbreviation or
Symbol Definition Units

Mc Mach number dimension-

less

mils milliradians ---

NACA National Advisory Committee for Aeronautics

NASA National Aeronautics and Space Administration

ND normal digital

ND/ACC normal digital/automatic camber control

ND/MCC normal digital/manual camber control

ND/PA normal digital/power approach

na not available

n/a not applicable

No. number ---

Ny, ny lateral load factor g

Nz, nz normal load factor g

PA power approach ---

PID parameter identification

PIO pilot induced oscillation ---

PLA power lever angle deg

PMAX maximum roll rate command dps

PMD program management directive ---

PSTAB stability axis roll rate deg/s

Pro power takeoff ---

PTO participating test organization

"pEst" parameter estimation program
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*LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

Abbreviation or
Smbol Definition Units

Ps static pressure psi, psf

psf pounds per square foot --

psi pounds per square inch ---

Pt total pressure psi, psf

QBAR, qbar dynamic pressure psi, psf

Qc, qc impact pressure psi, psf

q dynamic pressure psf

q, Q pitch rate dps

q, Q pitch acceleration dps2

RAD, Rad radians --

RAI rudder-to-aileron interconnect

RAV remotely augmented vehicle ---

REF referetice ---

R/H righthand ---

RM redundancy management ---

RWD right wing down --

r, R yaw rate dps

rad radian(s) .-

S reference wing area ft2

S&C stability and control ---

SFO simulated flpme-out

S/N serial number

SYM symmetric
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LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

Abbreviation or
Symbol Definition Units

sec second(s)

sin, Sin sine

sps samples per second --

TE trailing edge

TED trailing edge down

TEL trailing edge left

TER trailing edge right

TEU trailing edge up

TR transformer rectifier ..

TW thumbwheel ---

Tt total temperature deg F

UA up-and-away ---

USAF United States Air Force

V&V, V and V verification and validation ---

Vt true airspeed fps

WL, W.L. aircraft water line in

wow weight-on-wheels ---

WS wing station in

WUT windup turn .-

Xcg, XCG longitudinal cg position in, ft,
pct MAC

Ycg, YCG lateral cg poition in, ft,

Zcg, ZCG vertical cg position in, ft,

A increment (;;"change
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* LIST OF ABBREVIATIONS AND SYMBOLS (Concluded)

Abbreviation or

Symbol Definition Units

(L angle of attack deg

angle of sideslip deg

angle of sideslip rate dps

Pest estimate of angle of sideslip rate dps

8a differential flaperon position deg

sc canard position deg

8f symmetric flaperon position deg

alat lateral control stick position in

8Ion longitudinal control stick position in

Sr rudder position deg

0 8rp rudder pedal position in

8s strake flap position deg

4' bank angle deg

0 pitch attitude deg

0
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DEPARTMENT OF THE AIR FORCE
AIR FORCE RESEARCH LABORATORY

WRIGHT-PATTERSON AIR FORCE BASE OHIO 45433

February 1, 2010

MEMORANDUM FOR: Defense Technical Information Center

ATTN: INFORSEC

8725 Joim J. Kingman, Suite 0944

It. Belvoir, VA 22060-6218

FROM: Det. I AFRLiWS(C (STINFO)

2261 Monahan Way, Bldg. 196, Rm I

Wright-Patterson AFB, OH 45433-7035

SUBJECT: Notice of Change in Technical Report: AFFTC-TR-91-15

1. Distribution statement on the subject report should now be:

DISTRIBUTION STATEMENT A. Approved for public release- distribution is unlimited.

Originator Reference Number: RZ- 10-0033
Case Reviewer: Michael Frangipane
Case Number: 88ABW-2010-0399
The material was assigned a clearance of CLEARED on 28 Jan 2010.

2. Point of contact is the undersigned at DSN 785-7415; 937-255-7415.

Annette J. Sheppar , GS11, DAF

Special Collections Librarian

Technical Reports Center


